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Abstract 
Fish belonging to the Family Mugilidae, commonly known as grey mullet, are important in 
coastal water habitats by value of their unique role as detritivores feeding on resources not 
eaten by other competing fish groups and their importance in artisanal subsistence fisheries 
and aquaculture. This thesis contributes towards our understanding of the mugilid biology by 
studying the population biology of two species of grey mullet, the sub-tropical water abu 
mullet Liza abu (Heckel, 1843) in Central Iraq (the first study since 1996) and the temperate 
water thick-lip grey mullet, Chelon labrosus (Risso, 1827) in Northwest Wales (the first study 
in the UK since 1970).   
During the period between October 2014 and November 2015, 609 abu mullet were collected 
from three locations (Al-Najaf, Babylon and Karbala) in Central Iraq. Fish ranged between 85-
220 mm total length, 13-110g wet weight and 0-5 years of age. Growth was negatively 
allometric (increase in length more than increase in weight), (b=2.35) and described by: 
Lt=25.4(1–e-0.24(t+1.57)). Monthly changes in condition factor (CF) and gonadosomatic index 
(GSI) indicated peak values occur in April-June coincident with the timing of the spawning 
period and confirmed by visual examination of gonad maturity status. During the period 
between January 2014 and December 2015, 373 thick-lip grey mullet were collected from 
various locations in Northwest Wales. Fish ranged between 373 – 680 mm total length, 555 g 
and 4.35 kg wet weight and 6-14 years of age. Growth was positively allometric (increase in 
weight more than increase in length), (b=3.32) and described by: Lt=83.9(1–e-0.08(t+0.79)). Monthly 
changes in condition factor (CF), body depth (BD) and gonadosomatic index (GSI) indicated 
peak values occur in October-December coincident with the timing of the spawning period 
and confirmed by visual examination of the gonad maturity status. Examination of gut 
contents for both species indicated a mixed diet, dominated by organic matter, algae and 
plant material. 
 The suitability of various calcified structures (vertebrae, pectoral arch bones and opercular 
bones) as alternative ageing structures to scales/otoliths were examined. For both species, 
the best readabilities in all hard parts were obtained following simple cleaning, burning and 
coating with cedarwood oil. Statistical analyses indicated close similarity in ages in both 
species when aged using scales, otoliths or vertebrae and significant underestimation of age 
using pectoral arch and opercular bones. 
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1.1. Mugilidae - the grey mullet  
 
Fish belonging to the Family Mugilidae, usuallly known as grey mullet, are very 
common coastal water fishes around the world. They can be found in tropical, sub-
tropical and temperate waters in both the northern and southern hemispheres 
(Froese and Pauly, 2017). Berra (1981) lists the distribution as between latitudes 65oN 
to 50oS in Europe, Africa, Asia, Australia and New Zealand and 40oN to 40oS in the 
Americas. Grey mullet live in a range of habitats including, coral reefs, inshore coastal 
shelf waters, brackish water estuaries/coastal lagoons and freshwater. In these 
habitats, they play a unique role within the fish community as many are detritivores 
feeding on resources usually not eaten by other competing fish groups. In most 
regions of the world, grey mullets are exploited and are important for artisanal 
subsistence fisheries and extensive aquaculture in many developing nations (FAO, 
2017). There have been two major reviews of the biology and ecology of the Mugilidae 
in the last 40 years, Aquaculture of Grey Mullets edited by (Oren 1981) and Biology, 
Ecology and Culture of Grey Mullet (Mugilidae) edited by (Crosetti and Blaber 2016). 
This last volume provides the most recent and comprehensive review of the 
taxonomy, biogeography, biology, ecology, fisheries and culture of mugilids and 
provideds an excellent reference source for this thesis.  
     In this chapter, the mugilid species  will be introduced, their taxonomy, distribution, 
biology/ecology and exploitation will be summarised and the overall aims of this thesis 
will be presented. 
 
1.2 Taxonomy of grey mullets 
The Mugilidae (Figure 1.1) belong to the Actinopterygii (or ray-finned) class of fishes. 
Within this class, the most recently evolved group of teleosts are the spiny-rayed 
Acanthopterygia that contains most of the teleost fishes (ca. 15,000 out of 27,000 
species) (Helfman et al., 2009). The most primitive group of Acanthopterygia are the 
Mugiliformes that comprises of a single Family – the Mugilidae (Figure 1.1). 
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Phylum: Chordata 
Subphylum: Craniata 
Superclass: Gnathostomata (jawed fishes)  
Grade:  Teleostomi (bony fishes) 
Class:  Actinopterygii (ray-finned fishes) 
Subclass: Neopterygii (modern bony fishes) 
Division: Teleostei  
Subdivision: Euteleosti (advanced bony fishes) 
Superorder:  Acanthoptergyii (Spiny rayed fishes)  
Series:  Mugilomorpha 
Order:  Mugiliformes 
Family:  Mugilidae 
 Genera:   
Agonostomus (3 species)  Mugil (17 species)  
  Aldrichetta (1 species)  Myxus (2 species) 
  Cestraeus (3 species)   Neomyxus (1 species) 
Chaenomugil (1 species)  Oedalechilus (2 species) 
Chelon (7 species)   Paramugil (2 species) 
Crenimugil (2 species)   Rhinomugil (2 species) 
Ellochelon (1 species)   Sicamugil (2 species) 
Joturus (1 species)   Trachystoma (1 species) 
Liza (20 species)   Valamugil (4 species) 
Moolgarda (5 species)  Xenomugil (1 species) 
 
Figure 1.1. The current widely accepted classification of grey mullet according to 
Nelson (2006). The number of species in each genus is taken from Froese and Pauly 
(2017). [Note: recent molecular work (e.g. Santini et al., 2015; Xia et al., 2015; Durand, 
2016) may lead to the revision of grey mullet taxonomy].  
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Figure 1.2. Representatives of the 20 grey mullet genera in the currently widely accepted classification (Nelson, 2006; Froese and Pauly, 2017). a) mountain 
mullet, b) yellow mullet, c) lobed river mullet, d) snouted mullet, e) goldspot mullet, f) fringelip mullet, g) squaretail mullet, h) bobo mullet, i) leaping mullet, 
j) bluespot mullet, k) parassi mullet, l) sand grey mullet, m) acute-jawed mullet, n) hornlip mullet, o) silver mullet, p) corsula, q) yellowtail mullet, r) pinkeye 
mullet, s) Spiegler’s mullet, t) Thoburn’s mullet. [Source of photographs, Fishbase; Froese and Pauly, 2017].  
Chapter 1: General Introduction 
 
5 
 
     Santini et al. (2015) has reported that ‘the morphology of mullets is extremely 
conservative as all species share a torpedo-shaped body form with a similar overall 
appearance’ and this can make accurate identification of species difficult. For 
example, during the collection of the thick-lip grey mullet Chelon labrosus in this study 
(Chapter 3), two other grey mullet species that look very similar were also found: thin-
lip grey mullet Liza ramada and golden grey mullet Liza aurata) (Figure 1.3). The 
taxonomy of the Mugilidae has been debated for many years and ‘the phylogenetic 
relationships within mugilids have not been fully agreed’ (Harrison, 2007). One 
problem has been establishing the number of species there are in the family Mugilidae 
due to the similar external morphology and widespread geographic distribution of 
many species. In the last 130 years, as many as 280 species and 45 genera have been 
proposed (reviewed in Thomson, 1997; Eschmeyer et al., 2017) before being reduced 
to 78 species in 20 genera in FishBase (Table 1.1; Froese and Pauly, 2017).  
 
 
 
 
Figure 1.3. The three grey mullet species found in Northwest Wales: from top to 
bottom, thick-lip grey mullet Chelon labrosus, thin-lip grey mullet Liza ramada and 
golden grey mullet Liza aurata. The photographs indicate how similar different mullet 
species can look. 
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    In the current widely accepted classification of the Mugilidae of 20 genera and 78 
species (Nelson, 2006; Froese and Pauly, 2017), most species (47 %) are found in the 
Liza and Mugil genera (20 and 17 species respectively) with 8 of the 20 genera only 
having a single species (Figures 1.1 and 1.2). However, recent phylogenetic molecular 
genetic studies using mitochondrial and nuclear DNA markers suggests that some of 
the species with an apparent widespread distribution may actually contain ‘cryptic 
species’ (Durand et al., 2012a and 2012b; Santini et al., 2015; Xia et al., 2015; Durand, 
2016; Shen and Durand, 2016). The number of ‘cryptic species’ could be large, for 
example, Santini et al. (2015) analysed a ‘233-sequence dataset for three 
mitochondrial genes (16S, COI, and cytb)’ for 62 nominal species and identified an 
additional 36 unnamed new species. Recent research on fish sampled from 55 
currently recognized species in all 20 recognised mugilid genera recognised the 
presence of at least 91 species, consisting of 53 morphological species (i.e. species 
that are morphologically distinct and can be identified using meristic characters) and 
38 putative species (i.e. cryptic species identified by the genetic markers), in 25 genera 
within 4 subfamilies (Durand et al., 2012a and 2012b; Xia et al., 2015; Durand, 2016; 
Shen and Durand, 2016). Although this new research indicates that mullet taxonomy 
will need to be revised, not all the species currently recognised as valid have been 
assessed and not all of the putative new species have been named, with more species 
likely to be identified by this ongoing work.   
     For species relevant to this thesis, the new proposed phylogeny of Durand and 
other workers reclassifies the thin-lip grey mullet Liza ramada and the golden grey 
mullet L. aurata in the genus Chelon as C. ramada and C. aurata and reclassifies the 
abu mullet Liza abu in a renamed genus Planiliza (Xia et al., 2015; Durand, 2016). 
However, this proposed reclassification of the Mugilidae family is very recent and is 
still to be officially adopted by fish taxonomists and fish biologists (i.e. no changes have 
been made to Fishbase) and within this thesis, the current widely recognised scientific 
names in Fishbase (Froese and Pauly, 2017) will be used when referring to mullet 
species.  
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1.3 Biogeography of grey mullets 
Many researchers have argued that the Family Mugilidae is one of the most widely 
distributed families of coastal water teleost fishes around the world with grey mullet 
species found in tropical, sub-tropical and temperate waters in both the northern and 
southern Hemispheres (Froese and Pauly, 2017; Figures 1.4 and 1.5; Table 1.1). 
However, the number of species varies geographically with fewer grey mullets species 
in temperate waters and many more species in tropical and sub-tropical waters, e.g. 
Africa, the Indian Ocean, the Indo-West Pacific region, Australia and Oceania (Figure 
1.5; Table 1.1). 
 
 
 
Figure 1.4. Map of the world indicating 7 biogeographic regions for grey mullet species 
(Mugilidae). 1) the Americas, 2) Northeast Atlantic and Mediterranean, Black and 
Caspian Seas, 3) Africa and western Indian Ocean, 4) Red Sea and Arabian Gulf, 5) 
eastern Indian Ocean and Indo-West Pacific, 6) Australia and Oceania and 7) 
Northwest Pacific Ocean. (Map: Wikipedia). 
 
Recent review have summarised the biogeography of the Mugilidae in the Americas 
(Barletta and Dantas, 2016), the northeast Atlantic and Mediterranean, Black and 
Capsian seas (Turan, 2016), Africa (Durand and Whitfield, 2016), the Indian Ocean and 
Indo-West Pacific (Shen and Durand, 2016),  and Australia and Oceania 
(Ghasemzadeh, 2016a). Mugilid diversity in these regions will now be briefly reviewed 
with the Red Sea and Arabian Gulf region and the northwest Pacific Ocean region 
added for completeness. 
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Table 1.1. List for grey mullet  species (Mugilidae) found in 7 biogeographic regions. Taxonomy 
is according to Nelson (2006) with data found from Fishbase (Froese and Pauly, 2017). 
Americas 
 
 
Agonostomus monticola                  
    Mountain mullet  
Chaenomugil proboscideus 
    Snouted mullet  
Joturus pichard  
    Bobo mullet  
Mugil brevirostris 
Mugil cephalus  
    Flathead grey mullet  
Mugil curema  
    White mullet  
Mugil curvidens 
    Dwarf mullet  
Mugil gaimardianus 
    Redeye mullet  
Mugil hospes 
    Hospe mullet 
Mugil incilis 
    Parassi mullet  
Mugil liza  
    Lebranche mullet  
Mugil longicauda  
Mugil margaritae 
Mugil rubrioculus 
Mugil setosus 
    Liseta mullet  
Mugil trichodon 
    Fantail mullet 
Xenomugil thoburni 
    Thoburn's mullet 
 
Northwest Pacific 
Chelon macrolepis 
    Largescale mullet  
Chelon melinopterus 
    Otomebora mullet  
Chelon subviridis 
    Greenback mullet  
Crenimugil crenilabis 
    Fringelip mullet  
Crenimugil heterocheilos 
    Half fringelip mullet  
Ellochelon vaigiensis 
    Squaretail mullet  
Liza affinis 
    Eastern keelback mullet  
Liza haematocheila 
    Redlip mullet  
Moolgarda cunnesius 
    Longarm mullet  
Moolgarda engeli 
    Kanda  
Moolgarda perusii 
    Longfinned mullet  
Moolgarda seheli 
    Bluespot mullet  
Mugil cephalus 
    Flathead grey mullet  
Neomyxus leuciscus 
    Acute-jawed mullet  
Oedalechilus labiosus 
    Hornlip mullet  
Valamugil buchanani 
    Bluetail mullet  
Valamugil formosae 
    Formosa mullet 
Northwest 
Atlantic & 
Mediterranean 
Chelon labrosus 
    Thicklip grey mullet 
Liza aurata 
    Golden grey mullet  
Liza carinata 
    Keeled mullet  
Liza haematocheila 
    Redlip mullet  
Liza ramada 
    Thinlip grey mullet  
Liza saliens 
    Leaping mullet  
Mugil cephalus 
    Flathead grey mullet  
Oedalechilus labeo 
    Boxlip mullet 
 
 
Arabian Gulf 
& Red Sea 
Chelon macrolepis 
    Largescale mullet  
Chelon planiceps 
     Tade gray mullet  
Chelon subviridis 
     Greenback mullet  
Crenimugil crenilabis 
     Fringelip mullet  
Ellochelon vaigiensis 
     Squaretail mullet  
Liza abu 
     Abu mullet  
Liza carinata 
     Keeled mullet  
Liza klunzingeri 
     Klunzinger's mullet  
Liza persicus 
     Persian mullet  
Moolgarda cunnesius 
     Longarm mullet  
Moolgarda pedaraki 
    Longfin mullet  
Moolgarda seheli 
    Bluespot mullet  
Mugil cephalus  
    Flathead grey mullet  
Oedalechilus labiosus 
    Hornlip mullet 
  
Africa & Western 
Indian Ocean 
 
Agonostomus catalai 
    Comoro mullet  
Agonostomus telfairii 
    Fairy mullet  
Chelon bispinosus 
    Cape Verde mullet 
Chelon labrosus 
    Thicklip grey mullet 
Chelon macrolepis 
    Largescale mullet  
Chelon melinopterus 
    Otomebora mullet  
Chelon subviridis 
    Greenback mullet  
Crenimugil crenilabis 
    Fringelip mullet  
Ellochelon vaigiensis 
    Squaretail mullet  
Liza abu 
    Abu mullet 
Liza alata 
    Diamond mullet  
Liza aurata 
    Golden grey mullet  
Liza bandialensis 
    Diassanga Mullet  
Liza dumerili 
    Grooved mullet  
Liza falcipinnis 
    Sicklefin mullet  
Liza grandisquamis 
    Largescaled mullet  
Liza luciae 
    St. Lucia mullet  
Liza ramada 
    Thinlip grey mullet  
Liza richardsonii 
    South African mullet  
Liza saliens 
    Leaping mullet  
Liza tricuspidens 
    Striped mullet  
Moolgarda cunnesius 
    Longarm mullet  
Moolgarda engeli 
    Kanda  
Moolgarda pedaraki 
    Longfin mullet  
Moolgarda perusii 
    Longfinned mullet  
Moolgarda seheli 
    Bluespot mullet  
Mugil bananensis 
    Banana mullet  
Mugil capurrii 
 Leaping African mullet  
Mugil cephalus 
    Flathead grey mullet  
Mugil curema 
    White mullet  
Myxus capensis 
    Freshwater mullet  
Oedalechilus labeo 
    Boxlip mullet 
Eastern Indian 
Ocean & Indo-West 
Pacific 
Cestraeus goldiei 
    Goldie river mullet  
Cestraeus oxyrhyncus 
    Sharp-nosed river mullet   
Cestraeus plicatilis 
    Lobed river mullet  
Chaenomugil proboscideus 
    Snouted mullet  
Chelon macrolepis 
    Largescale mullet  
Chelon melinopterus 
    Otomebora mullet  
Chelon parsia 
    Goldspot mullet  
Chelon planiceps 
    Tade gray mullet  
Chelon subviridis 
    Greenback mullet  
Crenimugil crenilabis 
    Fringelip mullet  
Crenimugil heterocheilos 
    Half fringelip mullet  
Ellochelon vaigiensis  
    Squaretail mullet  
Liza affinis 
    Eastern keelback mullet  
Liza alata 
    Diamond mullet  
Liza argentea 
    Flat-tail mullet  
Liza haematocheila 
    Redlip mullet  
Liza klunzingeri 
    Klunzinger's mullet  
Liza mandapamensis 
Moolgarda cunnesius 
    Longarm mullet  
Moolgarda engeli 
    Kanda  
Moolgarda pedaraki 
    Longfin mullet  
Moolgarda perusii 
    Longfinned mullet  
Moolgarda seheli 
    Bluespot mullet  
Mugil broussonnetii 
    Broussonnet's mullet 
Mugil cephalus 
    Flathead grey mullet  
Neomyxus leuciscus  
    Acute-jawed mullet  
Oedalechilus labiosus 
    Hornlip mullet  
Paramugil parmatus 
    Broad-mouthed mullet  
Rhinomugil corsula 
    Corsula  
Rhinomugil nasutus  
    Shark mullet  
Sicamugil cascasia 
    Yellowtail mullet  
Sicamugil hamiltonii 
    Burmese mullet  
Valamugil buchanani 
    Bluetail mullet  
Valamugil speigler 
    Speigler's mullet 
Australasia 
& Oceania 
 
Aldrichetta forsteri 
     Yellow-eye mullet  
Cestraeus oxyrhyncus 
Sharp-nosed river mullet   
Cestraeus plicatilis 
    Lobed river mullet  
Chelon macrolepis 
    Largescale mullet  
Chelon melinopterus 
    Otomebora mullet  
Chelon planiceps 
    Tade gray mullet  
Chelon subviridis 
    Greenback mullet  
Crenimugil crenilabis 
    Fringelip mullet  
Crenimugil heterocheilos 
    Half fringelip mullet  
Ellochelon vaigiensis 
    Squaretail mullet  
Liza alata 
    Diamond mullet  
Liza argentea 
    Flat-tail mullet  
Liza ramsayi 
    Ramsay's mullet  
Moolgarda cunnesius 
    Longarm mullet  
Moolgarda engeli 
    Kanda  
Moolgarda pedaraki 
    Longfin mullet  
Moolgarda perusii 
    Longfinned mullet  
Moolgarda seheli 
    Bluespot mullet  
Mugil broussonnetii 
    Broussonnet's mullet 
Mugil cephalus 
    Flathead grey mullet  
Myxus elongatus 
    Sand grey mullet  
Neomyxus leuciscus 
    Acute-jawed mullet  
Oedalechilus labiosus 
    Hornlip mullet  
Paramugil georgii 
    Silver mullet  
Paramugil parmatus 
   Broad-mouthed mullet  
Rhinomugil nasutus 
    Shark mullet  
Trachystoma petard 
    Pinkeye mullet  
Valamugil buchanani 
    Bluetail mullet  
Valamugil speigleri 
    Speigler's mullet 
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Figure 1.5. Number of mugilid species recorded   in 7 biogeographic regions (data from 
Fishbase; Froese and Pauly, 2017). See Figure 1.4 for map of locations. 
 
Mugilid Biogeography in the Americas 
     According to Fishbase (Froese and Pauly, 2017) 17 species in 5 genera are found in 
North, Central and South America (Figures 1.4 and 1.5; Table 1.1) in temperate, 
tropical and subtropical waters. Some species are widely distributed in the region, e.g. 
the flathead grey mullet, Mugil cephalus, and the white mullet, Mugil curema (for 
distribution maps see Barletta and Dantas, 2016). However, recent molecular genetic 
work suggests that both of these ‘cosmopolitan species’ may ‘consist of several 
geographically distinct cryptic species’ (Xia et al., 2015; Durand, 2016). In comparison, 
the recently described M. margaritae is only known from two locations on the 
Venezuelan coast (Menezes et al., 2015). Most mugilid species in this region are found 
in the tropical waters of Central America or the tropical/subtropical waters of the 
Atlantic coast of South America (for distribution maps see Barletta and Dantas, 2016). 
Barletta and Danta (2016) report that the distribution of grey mullet  in this region ‘fits 
the general model of geminate species pairs formed by isolation’ caused by the 
Isthmus of Panama forming about 2.8 million years ago (Helfman et al., 2009; Barletta 
and Dantas, 2016). Most grey mullet in this region are Mugil spp. (13/17 mullet species 
found in this region; 13 of the 17 species in the genus Mugil) with no Liza species 
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present (Table 1.1). However, this is using the currently accepted classification 
(Nelson, 2006; Froese and Pauly, 2017) and the number of species and their taxonomy 
(i.e. genus) could change in the future (Xia et al., 2015; Durand, 2016). 
 
Mugilid Biogeography in the Northeast Atlantic and Europe 
     Fishbase (Froese and Pauly, 2017) reports 8 species in 4 genera in the temperate 
waters of the north-east Atlantic coastline of Europe and the Mediterranean, Black 
and Caspian Seas (Figures 1.4 and 1.5; Table 1.1). Turan (2016) reports that six of these 
species are endemic and two are introduced: the keeled mullet Liza carinata and the 
redlip mullet L. haematocheila. The former is a Lessepian migrant into the eastern 
Mediterranean from Red Sea through the Suez canal (Thomson, 1997) and the latter 
was introduced into Black Sea in the 1980s for aquaculture but has moved into the 
Aegean Sea in the eastern Mediterranean via the Sea of Marmara (Turan, 2016). The 
number of species in this temperate region is low with most endemic species being 
widely distributed in the region, even extending south along the Atlantic coastline of 
northwest Africa (Figure 1.4). The exception is the boxlip mullet Oedalechilus labeo 
that is restricted to the Mediterranean (Turan, 2016). One of the species researched 
in this study, the thick-lip grey mullet, Chelon labrosus, is found in this region. 
 
Mugilid Biogeography in Africa and Western Indian Ocean 
     According to Fishbase (Froese and Pauly, 2017) 31 species in 9 genera are present 
in Africa and the Western Indian Ocean (Figures 1.4 and 1.5; Table 1.1). This region is 
one of the biodiverse regions for Mugilidae (Figure 1.5) spanning subtropical and 
tropical waters of the western Atlantic and eastern Indian Ocean and temperate 
waters of southern Africa (Figure 1.4). Grey mullet in this region are dominated by Liza 
species, 10/31 species found in this region (10 of the 20 species in the genus Liza) with 
5 of the 7 Chelon species also found here (Table 1.1). Some grey mullet species in this 
region have a widespread distribution occurring along the Atlantic and Indian Ocean 
coastlines of Africa (flathead grey M. cephalus and grooved mullet Liza dumerili) or 
along the entire Indian Ocean coastline of Africa (largescale mullet Chelon macrolepis) 
(see Figures 6.2 and 6.3 in Durand and Whitfield, 2017). However, for many species, 
distribution although wide, is only found on sections of the Atlantic or Indian Ocean 
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coastlines or where these two oceans meet in South Africa (see Figures 6.2 and 6.3 in 
Durand and Whitfield, 2017). Recent molecular genetic research by Durand and 
colleagues suggests that the ‘cosmopolitan species’ (M. cephalus, C. macrolepis, L. 
dumerili, longarm mullet Moolgarda cunnesius) may consist of several geographically 
separate cryptic species and they identified 5 new species (Durand et al., 2012a; Xia 
et al., 2015; Durand and Whitfield, 2016). Therefore, both the number of species in 
this region and their taxonomy could change in the future (Xia et al., 2015; Durand, 
2016). 
 
Mugilid Biogeography in the Red Sea and Arabian Gulf 
     Fishbase (Froese and Pauly, 2017) suggests there are 14 species in 7 genera found 
in the subtropical waters of the Red Sea and Arabian Gulf region (Figures 1.4 and 1.5; 
Table 1.1). The Red Sea and Arabian Gulf are recognised as biodiversity hotpots for 
various animal taxa with a high level of endemism (Jabado et al., 2015; DiBattista et 
al., 2016). However, many grey mullet species found in this region are also found in in 
the adjacent region of Africa and the western Indian Ocean (Table 1.1), but there are 
some endemic species in the Red Sea/Arabian Gulf (e.g. L. carinata and Persian mullet 
L. persicus; Table 1.1). In some countries in the Arabian Gulf region (Iraq, Iran), Middle 
East (Syria, Turkey) and western Indian Ocean (Pakistan) there is the abu mullet Liza 
abu canals found. Which is be one of the study species in the current investigation.    
 
Mugilid Biogeography in the Eastern Indian Ocean and Indo-West Pacific 
     According to Fishbase (Froese and Pauly, 2017) there are 34 species in 14 genera 
found in the Eastern Indian Ocean and the Indo-West Pacific region (Figures 1.4 and 
1.5; Table 1.1). This region consists of subtropical and tropical water and has the most 
species of all the regions for the Mugilidae (Figure 1.5). However, unlike other regions, 
this region has no one dominant genus (Table 1.1). The Indo-West Pacific region is 
recognised as a biodiversity hotspot for a range of marine animal groups (Roberts et 
al., 2002; Hoeksma, 2007; Reaka et al., 2008; Sanciangco et al., 2013) including fishes 
(Mora et al., 2003; Allen, 2007), with the highest biodiversity accusing within the Indo-
Malayan and Philippines Archipelagos. As for grey mullet species in other 
biogeographic regions, the distribution patterns in this region differ between species. 
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Some species have quite restricted distributions (e.g. lobed-river mullet Cestreus 
plicatilis, Liza haematocheilus, eastern keelback mullet L. affinis, acute-jawed mullet 
Neomyxus leuciscus, and Rhinomugil and Sicamugil species), but many of the species 
are widely distributed in the region (see Figure 4.5 in Shen and Durand, 2016) and are 
also found in the adjacent western Indian Ocean and Australia and Oceania regions 
(Table 1.1). This is a region with much research on mugilid phylogeny and recent 
molecular genetic work by Durand and colleagues (Durand et al., 2012a and 2012b; 
Durand and Borsa, 2015) suggests that the taxonomy of the Family Mugilidae should 
be changed with some of the genera discarded or resurrected and many species put 
into different genera (Shen and Whitfield, 2016). This research has identified 10 new 
species in this region (Shen and Durand, 2016).  
 
Mugilid Biogeography in the Australia and Oceania 
     Fishbase (Froese and Pauly, 2017) indicates there are 29 species in 15 genera in the 
Australia and Oceania region (Figures 1.4 and 1.5; Table 1.1). This region is one of the 
biodiverse regions for Mugilidae (Figure 1.5) and includes the subtropical waters of 
northern Australia and Oceania and the temperate waters of southern Australia and 
New Zealand (Figure 1.4). The mugilids in this region contain some endemic species 
with limited distributions (e.g. yellow-eye mullet Aldrichetta forsteri, sand-grey mullet 
Myxus elongateus, pinkeye mullet Trachystoma petardi and silver mullet Paramugil 
georgii) but also include some species (e.g. Mugil cephalus, squaretail mullet 
Ellochelon vaigiensis, fringelip mullet Crenimugil crenilabis and  C. macrolepis) that are 
widely distributed in the region (See Figure 5.2 in Ghasemzadeh, 2016a) and which 
are also found in adjacent regions (Eastern Indian Ocean/Indo-West Pacific and 
Northwest Pacific) (Table 1.1). With the recent molecular genetic work of mugilids 
phylogeny (Durand et al., 2012a and 2012b; Durand and Borsa, 2015), it is likely that 
a number of species in this region will increase with new cryptic species (Durand, 2016; 
Ghasemzadeh, 2016a).  
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Mugilid Biogeography in the Northwest Pacific 
     Fishbase (Froese and Pauly, 2017) reports 17 species in 9 genera present in the 
subtropical and temperate waters of Northwest Pacific (Figures 1.4 and 1.5; Table 1.1). 
Most of the grey mullet in this region (Table 1.1) are species that are found in the 
eastern Indian Ocean and Indo-West Pacific region and are at the northern end of their 
distribution in the sub-tropical waters of the southern part of Northwest Pacific (e.g. 
south China, Taiwan, Korea and southern Japan). Two species, L. haematocheila and 
M. cephalus, can be found in the temperate waters of North Japan (see Figure 4.5 in 
Shen and Durand, 2016). There is one endemic species in this region, the Formosa 
mullet Valamugil formosae (Table 1.1). Recent molecular genetic work showed that 
two cryptic species found in the distribution of Mugil cephalus in this region (Durand 
and Borsa, 2015; Shen and Durand, 2016). 
 
1.4 Ecology of grey mullet 
Mugilidae are a very successful group of coastal water teleost fishes that are found in 
a wide type of coastal habitats which vary in temperature, salinity, turbidity and 
sediment type (Whitfield, 2016). They are widely found in coastal shelf seas, estuaries 
and lagoons in tropical, sub-tropical and temperate waters in both the northern and 
southern Hemispheres (Berra, 1981; Froese and Pauly, 2017) and in addition can be 
found as either temporary migrants, and in some cases permanent residents in 
freshwater (Froese and Pauly, 2017). As Whitfield (2016) summarises ‘the versatility 
and adaptability of grey mullet to an array of coastal environmental conditions is well 
illustrated by their presence in riverine, marine and even hypersaline environments’. 
     Most mugilid species exhibit a similar lifecycle, shown in Figure 1.6, where adult 
fish spawn in offshore coastal water and the developing larvae are distributed into 
coastal estuarine nursery areas. The fry, juveniles and adult stages remain and feed in 
estuaries, although in some cases they may also inter freshwater to feed; in some 
species adults will also feed in coastal waters as well. 
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Figure 1.6. Lifecycle of a ‘typical’ mugilid species, e.g. flathead grey mullet Mugil 
cephalus or thick-lip grey mullet Chelon labrosus. This lifecycle is the one reported for 
most grey mullet species in the Mugilidae. [From Whitfield, 2016]. 
 
Blaber (1987) maintains that grey mullet use freshwater and estuaries for much of the 
lifecycle in order to take advantage of food resources there and to provide refuge from 
predators. For many species, the marine phase is short and mostly value the adult 
spawning and the larval stages (Blaber, 1987). Recruitment into estuaries as 
postlarvae is usually at a size of 15-25 mm standard length (Blaber, 1987; Koutrakis, 
2016), but this can be different between species. Koutrakis (2016) says this is because 
of differences in the distance from spawning ground to nursery for the different 
species as well as differences in growth rates during the larval and post-larval stages 
between species depending on how much food is available at the time of year when 
early life stages of each mullet species are transported inshore.  
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Figure 1.7. Range of aquatic ecosystems inhabited by a range of mugilid species 
including a) exclusively freshwater, b) mainly freshwater resident but extends into 
estuaries, c) mainly freshwater and estuarine but spawns at sea, (d) exploits 
freshwater, estuarine and marine environments, (e) mainly estuarine but spawns at 
sea, f) mainly marine with some penetration into freshwater, g) mainly marine with 
occasional entry into estuaries and h) exclusively marine. [From Whitfield, 2016]. 
 
     Although most mugild species can enter freshwater, estuaries and marine waters 
during their lifecycles, the degree to which they do so varies between species. Within 
the Mugilidae there are some species that are only resident in freshwater and other 
species found only in marine water (Figure 1.7). The yellowtail mullet Sicamugil 
cascasia and the Burmese mullet S. hamiltoni are exclusively freshwater residents 
(Froese and Pauly, 2017). Some grey mullet, e.g. abu mullet Liza abu, are found in 
freshwater but can inter estuaries and spawn in fresh or brackish water, (Manssor et 
al., 2009; Safahieh et al., 2011; Mohammed, 2014; Ay and Özcan, 2016). Other species 
like the mountain mullet, Agonostomus monticola, and the bobo mullet Joturus 
pichardi, are catadromous only entering the marine environment to spawn but 
growing as juveniles and adults in freshwater (Eljaiek and Vesga, 2011; McMahan et 
al., 2013). Some grey mullet species are exclusively marine throughout their lifecycle, 
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e.g. Klunzinger’s mullet L. klunzingeri (Shen and Durand, 2016) and the reef-associated 
St. Lucia mullet L. luciae and redeye mullet Mugil gaimardianus (Froese and Pauly, 
2017). Analysis of the habitat data for the 78 mullet species listed in Fishbase (Froese 
and Pauly, 2017) indicates the following: 
 
 2 species (2.6 %) are exclusively freshwater-resident (Sicamugil spp.) 
 6 species (7.7 %) utilise both freshwater and estuarine habitats  
 1 species (1.3 %) is only found in estuaries (Liza ramsayi) 
 14 species (17.9 %) utilise both estuarine and marine habitats 
 18 species (23.1%) are exclusively marine 
 37 species (47.4%) utilise freshwater, estuarine and marine habitats 
 
     The diet of grey mullet is recognised as unusual among marine fishes as most 
species feed predominantly on “low-quality” (Lobato et al., 2014) food items such as 
organic matter present in the sediment, detritus and filamentous algae which all have 
low digestibility although they can also feed on benthic invertebrates, green 
filamentous algae and plankton (Cardona, 2016). Most marine fish that are herbivores 
(e.g. parrotfishes, damselfishes, sea breams) consume fleshy macroalgae, sea grasses, 
turf algae or coralline algae (Cardona, 2016) but these herbivores make up only ≈ 0.5% 
of marine fish species (Choat and Clements, 1998). In tropical freshwater habitats 
detritivory is not uncommon with some freshwater fishes consuming detritus and 
benthic algae, e.g. some cyprinids and catfishes. However, these fish feed by scraping 
their food  from stones not by filtering it from the sediment (Bowen, 1983; Cardona, 
2016). Choat and Clements (1998) conclude that the evolution of detritivory in marine 
fishes is low and the only other marine fish that relies as much on microphytobenthos 
in their diet as the grey mullet is the milkfish Chanos chanos (Cardona, 2016).  
     In order to feed successfully on poor quality food, grey mullet have evolved several 
morphological adaptations to help them feed and process their diet of organic matter 
in the sediment, detritus and microphytobenthos. Mouth structure is described as 
‘highly sophisticated’ and includes ‘toothed lips for scraping microbial films, 
pharyngeal teeth to remove large sediment particles on entry into the mouth and 
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densely packed gill rakers to retain fine particles’ (Cardona, 2016). The feeding action 
is a characteristic ‘cough and spit’ sequence (Thomson, 1954). Mullet will take in a 
mouthful of sediment with associated food material, work material between the 
pharyngeal bones, eject larger particles from the mouth and retain finer particles with 
the gill rakers (Cardona, 2016). No other fish species feeds in this way, allowing grey 
mullet to exploit a unique trophic niche (Cardona, 2016). However, it also restricts 
their distribution to ecosystems where surface sediments are enriched with organic 
matter and meiobenthos and covered with a layer of microphytobenthos and 
microbial film, e.g. sheltered costal habitats, estuaries and the lower parts of rivers 
(Blaber, 1977; Odum, 1988; Cardona et al., 2001). In addition, their stomachs have 
highly muscular gizzards which help to grind algal matter, the intestines are extremely 
elongated (between 3 and 5.5 times body length in species studied) and there are 
several pyloric caecae (between 2 and 22 depending on species) respectively to 
increase gut residence time and the surface area needed to digest and absorb detrital 
and algal nutrients (reviewed in Cardona, 2016). The development of these 
characteristics in mugilids occurs when the fish are a few centimetres long which 
results in a major ontogenetic dietary shift. Mullet larvae and post-larvae are 
zooplanktivores feeding on copepods, cladocerans and rotifers (Ahmad and Hussain, 
1982; Tosi and Toricelli, 1988; Gisbert et al., 1995). However, the diet of juvenile and 
adult fish is sedimentivorous and is usually a mix of sand, detritus, microphytobenthos 
and small benthic invertebrates found in the sediment or on the surface (Cardona, 
2016). The adult diet differs between grey mullet genera with Mugil spp. feeding 
mainly on organic material extracted from surface sediments whilst Liza and Chelon 
spp have a more diverse diet (Cardona, 2016). 
 
1.5 Exploitation of grey mullet 
Mugilid species are a major food resource for human populations in many parts of the 
world as a high quality protein source (Whitfield et al., 2012; Crosetti, 2016). Mullet 
are important economic resources that support many small communities through 
artisanal fisheries for food or bait (Marin et al., 2003; Gallardo Cabello et al., 2005). 
They are also used in aquaculture (Hsu and Tzeng, 2009; Ibanez et al., 2012) mainly 
for their ovaries (Chang et al., 2004).  
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     The overall production statistics for capture fisheries and aquaculture production 
are shown in Figure 1.8. These data are sourced from that provided to the FAO 
statistics database called FIGIS and are for the period 1950-2015. Based on recent 
values from 2010-2015, capture fisheries account for 79.1% (556,734 tonnes) and 
aquaculture accounts for 21% (146,779 tonnes) of overall declared production (FAO, 
2017). By region, Asia is the most important for capture fishing of grey mullet (73%) 
but Africa dominates aquaculture production making up 85.7% (125,752 tonnes) of 
farmed mullet (Figure 1.8), with Egypt accounting for most aquaculture production in 
the world (125,443 tonnes) (FAO, 2017).  
     One problem that the FAO has is that it relies on declared landings provided by each 
country in order to produce the FIGIS database whilest the SOFIA (state of World 
Fisheries and Aquaculture) report that it is likely that the declared production statistics 
for many species (probably including grey mullet) are underestimates due to illegal, 
unregulated and unreported fishing (FAO, 2016). In addition, the FAO recognises the 
problem of data quality with much of the fisheries and aquaculture data not reported 
to species level (FAO, 2017). This can be seen in Figure 1.8 where ‘species nei’ (nei = 
not reported elsewhere, i.e. not reported to species-level, in FIGIS) make up a large 
part of the fisheries and aquaculture data (Figure 1.8). In total, ‘species nei’ make up 
91% of aquaculture and 46% of fishing production for grey mullets between 2010 and 
2015 (Table 1.2), indicating these problems. 
     Amongst the commercially important species of mullets (see Table 1.2), some 
species such as the flathead grey mullet Mugil cephalus have widespread distributions 
and the white mullet Mugil curema, which is found on both sides of the central Atlantic 
and in the Caribbean and Gulf of Mexico (Froese and Pauly, 2017). However, other 
species have widespread distributions but are currently not fully exploited, for 
example the thick-lipped grey mullet, Chelon labrosus, and the thin-lipped mullet, 
 Liza ramada, are of more localised distribution and commercial importance, for 
example the mountain mullet, Agonostomus monticola, and parassi mullet, Mugil 
inicilis (Table 1.2).  
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Figure 1.8. A summary of grey mullet (Mugilidae) production presenting (a) capture production and (b) aquaculture production (tonnes) from 1950-2015 for 
named and nei (not elsewhere indicated; FAO 2017) species and overall totals and by region (expressed as average production for 2010-2015.(Data source, 
FIGIS database; FAO, 2017). 
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Table 1.2. Summary of (a) capture production and b) aquaculture production of various mullet 
species from data reported to FAO between 2010 and 2015 (Source: FAO 2017, FIGIS 
database; 1 – source Fishbase, Froese & Pauly, 2017). 
a) Capture Production 
Species Distibution1 
Total 
Production (t) 
Average 
Annual 
Production (t) 
% 
Redlip/So-iuy mullet 
Liza haematocheila 
NW Pacific, introduced 
to Europe/Black Sea 
914,368 152,395 27.37 
Flathead grey mullet 
Mugil cephalus 
Atlantic, Indian and 
Pacific  
792,655 132,109 23.73 
White mullet 
Mugil curema 
Atlantic, Indian and 
Pacific 
26,817 4,470 0.80 
Bluespot mullet 
Moolgarda seheli 
Indian and Indo-Pacific 23,719 3.953 0.71 
Klunzinger’s mullet 
Liza klunzingeri 
Arabian Gulf and 
Indian Ocean 
12,639 2,107 0.38 
Abu mullet 
Liza abu 
Middle East and 
Indian Ocean 
11,189 1,865 0.33 
Lebranche mullet 
Mugil liza 
W. Atlantic, Caribbean,  
Gulf of Mexico 
11,046 1,841 0.33 
Thicklip grey mullet 
Chelon labrosus 
NW Atlantic and 
Mediterranean 
4,052 810 0.14 
Golden grey mullet 
Liza aurata 
NW Atlantic and 
Mediterranean 
3,049 508 0.09 
Thinlip grey mullet 
Liza ramada 
NW Atlantic and 
Mediterranean 
1,820 303 0.05 
Bobo mullet 
Jotorus pichardi 
Central America and 
Caribbean  
1,477 246 0.04 
Parassi mullet 
Mugil incilis 
South America 562 94 0.02 
Leaping mullet 
Liza saliens 
Mediterranean 451 75 0.01 
Mountain mullet 
Agonostomus monticola 
Caribbean, Atlantic & 
Pacific coasts of Central 
America, Gulf of Mexico 
231 39 0.01 
Mullets not recorded 
to species level 
 1,535,907 215,985 45.98 
 
b) Aquaculture Production 
Species Distibution1 
Total 
Production (t) 
Average 
Annual 
Production (t) 
% 
Flathead grey mullet 
Mugil cephalus 
Atlantic, Indian and 
Pacific  
75,088 12,515 8.52 
Redlip/So-iuy mullet 
Liza haematocheila 
Atlantic, Indian and 
Pacific 
3805 634 0.43 
Lebranche mullet 
Mugil liza 
W. Atlantic, Caribbean,  
Gulf of Mexico 
129 22 0.015 
Squaretail mullet 
Agonostomus monticola 
Caribbean, Atlantic & 
Pacific coasts of Central 
America, Gulf of Mexico 
60 10 0.007 
Mullets not recorded 
to species level 
 804,595 134,095 91.03 
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In terms of commercial importance, 4 mullet species are listed in the FAO database but the 
red-lip mullet, Liza haematocheila, and the flathead grey mullet, Mugil cephalus, account for 
half of fisheries landings (Table 1.2a) However, 46% of grey mullet landings are not declared 
to species level. For aquaculture, most production is not reported to species level, 91% (Table 
1.2b). Overall, combing fisheries and aquaculture for grey mullet, the two main nations are 
China and Egypt which account for 37.6% (264,554 tonnes) and 22.5% (157,990 tonnes) of 
overall production respectively. 
 
1.6    Aims of thesis 
Grey mullet are important in coastal water habitats because of their unique role within the 
fish community as detritivores feeding on resources usually not eaten by any competing fish 
groups. Also, in most regions of the world, grey mullet are exploited and are important for 
artisanal subsistence fisheries and extensive aquaculture in many developing nations. It is 
important therefore, to study their population biology, (eg. growth, reproduction and 
feeding) in order to fully understand their biology and ecology. 
 
The aims of this thesis are to: 
 
1) Study the population biology of abu mullet, Liza abu, in central Iraq. This is the most 
important grey mullet species for food in Iraq yet no detailed study of its population 
biology in Central Iraq has been undertaken since that by Khalaf et al. (1986). 
 
2) Study the population biology of thick-lip grey mullet, Chelon labrosus, in North-west 
Wales. This is the most common grey mullet species in the UK but no study of its 
population biology in the UK has been undertaken since that by Hickling (1970).  
 
3) Compare the suitability of using different hard parts to age Liza abu and Chelon 
labrosus. Knowledge of the age of individual fish is important to our understand of 
population age structure and patterns of growth, reproduction and mortality. A range 
of hard parts (eg. scales, otoliths, various bones, spines and fin rays) have been used 
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to age different fish species. In grey mullet, individuals are usually aged from scales or 
sagittal otoliths. In this study, the readability and age obtained from using different 
structures (scale; otolith; vertebra; pectoral arch bone; opercular, inter-opercular, 
pre-opercular and sub-opercular bones) prepared using seven different methods  
will be compared in order to determine the best method. (This study is the most 
comprehensive undertaken for any teleost fish species).  
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POPULATION BIOLOGY OF THE 
ABU MULLET Liza abu (HECKEL, 
1843) IN CENTRAL IRAQ 
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2.1 Introduction 
The Mugilidae (commonly known as mullet) is a speciose family of teleostean fishes, 
that are widely distributed in all tropical, subtropical and temperate waters (Nelson, 
2006). Mullet are found in waters of all salinities ranging from freshwater to full-
strength seawater and the current taxonomy for the family includes 78 species in 20 
genera (Nelson, 2006; Froese and Pauly, 2016), although half of the species are in just 
two genera, Liza and Mugil (Froese and Pauly, 2017). Liza is the largest genus of the 
Mugilidae family comprising of 20 species and containing both marine and 
freshwater/brackish water species (Froese and Pauly, 2017). Mugilid species are 
generally considered as ecologically important and are a major food resource for 
human populations in certain parts of the world as a high quality protein source 
(Durand et al., 2012; Whitfield et al., 2012). Mullet are important economic resources 
that support many small communities through both fishing and aquaculture (Katselis 
et al., 2005; Pina and Chaves, 2005; Ibañez et al., 2007).  
     The abu mullet Liza abu (Heckel, 1843) (Figure 2.1), known as hishni or khishni in 
Arabic, is a small, schooling species that is common in the Middle East and eastern 
Indian Ocean (Figure 2.2) and is found in Iraq, Iran, Syria, Turkey and Pakistan (Kuru, 
1979; Coad, 1980; Şahinöz et al., 2011; Doğu et al., 2013). It is a freshwater species 
inhabiting rivers, streams and lakes, although it sometimes enters lagoons and 
estuaries. It is found in the major rivers (and adjacent drainage basins) flowing into 
the Arabian (Persian) Gulf, for example it is found far upriver in Iraq, Syria and Turkey, 
within the Tigris and Euphrates rivers (Thomson, 1997; Ünlü et al., 2000; Turan et al., 
2004, Şahinöz et al., 2011) and the Indus River in Pakistan (Nasır and Naama, 1988; 
Talwar and Jhingran, 1991) draining into the eastern Indian Ocean. In addition, in 2001 
it was introduced into the Orontes river in Turkey (Yalçın-Özdilek, 2003) that flows into 
the Mediterranean and has become successfully established there (Ay and Özcan, 
2016). Abu mullet can also be found in endorheic basins (watersheds which do not 
drain into the sea) such as the Kor and Maharlu basins in Central Iran (Harrison and 
Freyhof, 2014) and an isolated relict population is found in the Al-Ahsa oasis in Saudi 
Arabia (Harrison and Freyhof, 2014). Although the species is mainly found in 
freshwaters, it has also been recorded in brackish water in Iraq (e.g. the Al-Hammar 
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marshes; Al-Shamma’a and Jasin, 1993; Mohamed, 2014) and Iran (e.g. Safahieh et al., 
2011; Khyyami et al., 2014) and in the marine environment at Khawr-Alzubeir, in the 
north-western Persian Gulf) (Nasir and Naama, 1988). 
 
 
Figure 2.1. The abu mullet, Liza abu (Heckel, 1843).  
 
      
In Iraq, Liza abu are found in streams, rivers, drains, channels, canals, lakes, marshes, 
reservoirs and ponds, including fish farms. Natural populations can be found in 
freshwater and brackish water bodies throughout the whole of Iraq with published 
work on abu mullet from the Tigris and Euphrates Rivers and their branches (e.g. Al-
Nasırı and Islam, 1978; Islam and Khalaf, 1982; Al-Yamour et al., 1988; Amin et al., 
2001; Karawan et al., 2012; Al-Janabi et al., 2013), and in the south in the Hammar 
Marshes (Naama et al., 1986; Naama and Muhsen, 1986; Nasır and Naama, 1988; 
Mohamed, 2014), Diyala River (Khalaf et al., 1986) and Shatt Al-Basrah  Canal (Al 
Daham and Yousif, 1990) and Shatt Al-Arab River (Ho et al., 1996 ; Jawad, 2004).   
     Abu mullet are found in surface waters and amongst submerged vegetation of fresh 
and brackish waters such as rivers, lakes and marshes, preferring a gentle flow of 
water, but it can enter deeper water in December and January, especially in cold 
winters (van den Eelaart, 1954). Within freshwater the species is reported to 
undertake upriver migrations, for example in the Tigris system between August and 
February (Ünlü et al., 2000) although this aspect of its ecology has been little studied. 
Although, abu mullet occasionally enters estuaries (Safahieh et al., 2011; Khayyami et 
al., 2014), it prefers salinities of < 2‰, but can tolerate salinities up to 30‰ if the 
change in salinity is gradual (Ahmad et al., 1983, 1985) and is recorded as being caught 
in full-strength seawater (Nasir and Naama, 1988).  Liza abu is not a large mullet 
species. It can reach 27 cm total length and 150 g in weight (Al-Shawi and Wahab, 
2008; Coad 2012), but for most populations the majority of adult fish are between 10 
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and 20 cm in total length, 30 and 60 g in weight and attain a maximum age of 4 years 
(e.g. Doğu et al., 2013; Elp and Kaya, 2014; Mohamed, 2014; Ay and Özcan, 2016). Abu 
mullet is a day feeder (Islam and Khalaf, 1983; Naama and Muhsen, 1986) and has a 
diverse diet, but the main component is organic detritus and sand grains (Al-Nasiri et 
al., 1977; Naama and Muhsen, 1986; Hussain et al., 1987), which are probably 
ingested accidentally whilst searching for detritus, although micro-organisms and 
micro-phytobenthos associated with the sand may be utilised as food (Cardona, 2016). 
 
 
Figure 2.2. Geographic distribution of the Liza abu (Heckel, 1843). The location of the 
three study sites in the present study are indicated by the red circles. 
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Aquatic plant parts, phytoplankton and aquatic insects and their larvae are also 
important parts of the diet with other prey including crustaceans, molluscs and worms 
(Islam et al., 1981; Ahmed and Hussain, 1982; Hussain et al., 1987; Al-Shamma'a and 
Jasin, 1993). Abu mullet are an unusual and interesting species in the Mugilidae family 
as they reproduce in freshwater. Fish can reach sexual maturity when one year old at 
around 10 cm in length but the size at first maturity can vary between populations, 
e.g. 10 cm in the Orontes River (Ay and Özcan, 2016) and 14 cm for Devegeçidi Dam 
Lake (Ünlü et al. 2000). Although it has been suggested that some populations of abu 
mullet may spawn twice a year (e.g. Zohreh River in Iran; Marammazi 1994), one 
annual spawning is reported for most populations in Iraq and Turkey (Naama et al., 
1986; Ünlü et al. 2000). This species is reported to be more sensitive to pollution, for 
example to oil and gas or arsenic, than other freshwater species in the region (Ali et 
al., 1999; Balasem et al., 2002), and so may be a useful indicator species of good water 
quality (Ahmed et al. 2004). Although there are many threats to the species in the area 
by humans none are believed to be suffernty strong to impact this species significantly 
(Harrison and Freyhof, 2014). 
     Liza abu is considered as one of the most important species for artisanal fisheries 
throughout its geographical distribution and is widely consumed as either a fresh, 
smoked or canned product (Şahinöz et al., 2011). In addition, it is also sold as a baitfish 
and farmed in extensive aquaculture ponds (Duman and Çelik, 2001; Coad, 2012). It is 
a target for commercial fisheries because of its high economic importance (Abd et al., 
2009). In particular, abu mullet are an important component of artisanal freshwater 
fisheries in Iraq and Iran. For example, the total landing of this species in the Basrah 
fish markets of southern Iraq during 1975-1977 was 213 tonnes (Sharma, 1980) and 
more recently, Mohamed et al. (2008) estimated that in 2005 abu mullet respectively 
constituted 6.3% and 8.1% of the entire fish landing in the lower parts of the Tigris 
and Euphrates Rivers in Iraq. Coad (2012) reported that abu mullet constitutes about 
29% of the total annual freshwater fish catch in southern Iraq, and about 7.4% of the 
total annual catch for the whole country. Most recently, abu mullet production from 
capture fisheries in Iraqi waters during 2013 was reported as 4857 tonnes (FAO, 2017). 
In western Iran, it has been estimated to comprise 44.2% of the freshwater fish catch 
in the Karun River (Mokhayer, 1981), which is the largest river in the country, whilst 
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between 1995 and 2006, abu mullet comprised between 76% and 98% respectively of 
the mullet catch in the Iranian fisheries in the southern Caspian Sea (Fazli and 
Ghaninejad, 2004). Subsistence fisheries for abu mullet are also found in the Indus 
River in Pakistan (Coad, 2012). In addition to artisanal capture fisheries, abu mullet 
are also cultured in ponds in Iraq (Al-Zubaidy, 2009) and Turkey (Şahinöz et al., 2011). 
It is an important culture species on fish farms in Iraq where it is farmed successfully 
because of its high growth rate (Mhaisen and Al-Jaffery, 1989) where it competes for 
food with cultured carp in the extensive ponds (Al-Shamma'a and Jasim, 1993). 
However, despite its importance as a food fish, reliable production statistics are not 
available for abu mullet. Data for total annual capture production of abu mullet can 
be extracted from the FAO online Fishery Statistical Collection database, and this 
indicates that average annual capture production is 1,865 tonnes per annum between 
2010-2015 (Table 1.2). However, examination of the database to determine declared 
landings by country only provided data for Iraq (2010, 0t; 2011 3,597t; 2012, 0t; 2013, 
593t; 2014, 4857t; 2015, 2142t; FAO, 2017) with no statistics for Iran, Turkey, Syria or 
Pakistan and it is difficult to account for the overall landings for the species from the 
landings for each of the countries within its geographical range.   
     A detailed online search of the published literature on Liza abu using Google and 
Web of Science (Date of last data retrieval: 4th January 2017) produced 137 published 
papers in international and regional scientific journals. These studies cover a range of 
subject areas (Figure 2.3a) with the most common topics being parasites (29 papers) 
and pollutants (26 papers) and the least well-studied topic being histology (2 papers). 
There have been 14 papers published on the population biology (e.g. length/weight 
relationships, age and growth, reproduction) of abu mullet and 3 papers on its stock 
assessment for management purposes (Figure 2.3a). Although the number of papers 
published was high in the 1980s (22 papers), the general publication pattern is for 
most papers on abu mullet to be published since 2000 (73%) with 44% of papers 
published since 2010 (Figure 2.3b).  
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Figure 2.3. A summary of published papers on Liza abu sourced from Web of Science 
and Google (Date accessed 4th January 2017) showing the number of papers published 
by (a) topic, (b) decade and (c) country. Note ‘population biology’ includes Length-
weight, size and age structure, growth and mortality. 
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Table 2.1. A summary of the different parameters included in published papers on stock assessment population biology of abu mullet, Liza abu 
(Heckel, 1843). Note*: Maturity could be the study of changes in Gonadosomatic Index/maturity status over time or fecundity measurements 
 
Reference Location Length-Weight Age Growth Maturity* Mortality Feeding 
Mohamed et al. (2016) S. Iraq: Al-Hammar marshes X  X  X  
Ay & Özcan (2016) S. Turkey: Orontes River X X X X   
Elp & Kaya (2014) S. Turkey: Devegecidi Dam lake X X X X   
Mohamed (2014) S. Iraq: Al-Hammar marshes X X X  X  
Doğu et al. (2013) S. Turkey: Ataturk Dam Reservoir X X X    
Al-Shawi and Nawab (2008) N. Iraq: Al-Audaim River X X X X  X 
Abbas and Al-Rudainy (2006) Central Iraq: Babylon fish farm  X X    
Shawardi (2006) Central Iraq: Tharthar Lake  X X    
Abdul-Samad (2001) S. Iraq: Garmit Ali River  X X    
Ünlü et al. (2000) Turkey: Tigris River X X X X   
Al-Asadiy et al. (2000) Central Iraq: Babylon fish farm X X X    
Mhaisen and Jaffery (1989) Central Iraq: Babylon fish farm  X X X    
Mhaisen and Yousif (1989) S. Iraq: Shatt Al-Arab River X X X    
Al Yamour et al. (1988) N. Iraq: Tigris River X X X X   
Khalaf et al. (1986) Central Iraq: Diyala River X X X X   
Wahab (1986) S. Iraq: Shatt Al-Arab Canal X X X    
Naama (1982) S. Iraq: Al-Hammar marshes X X X    
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Most published papers on abu mullet, Liza abu have studied Iraqi populations (95 
papers; 69%) followed by Turkish populations (20 papers; 14.6%) and Iranian 
populations (18 papers; 13%) with very few published papers on Pakistani or Syrian 
populations. However, note that this review is based on published papers that are 
accessible electronically and so earlier published work that may be only available as 
hard copy in local institutions may be under-represented in this review. Also, this 
review does not include all MSc and PhD theses and as such this review will not be 
comprehensive. 
     The study of population biology in fishes involves determining the size and age 
structure, diet and an understanding or the patterns of growth, mortality and 
reproduction (King, 2007). This information is important, not only for understanding 
the biology and population dynamics of the study species but also for understand how 
it may respond to fisheries exploitation and to help in determining sustainable 
management plans for the species (King, 2007). However, this information is limited 
for abu mullet. The accessible published studies (n=17) where these population 
biology parameters have been studied for Liza abu are presented in Table 2.1. These 
studies are for Iraqi and Turkish populations of abu mullet published over the last 30 
years. From Table 2.1 it can be seen that most studies have examined length-weight 
relations and condition factors, determine the age of individual fish and calculated 
growth curves, but only 6 out of 12 studies have assessed reproductive aspects such 
as changes in gonadosomatic index or maturity status over time and only 3 studies 
have measured fecundity (Ünlü et al., 2010; Elp and Kaya, 2014; Ay and Özcan, 2016). 
Only two studies have estimated mortality rates (Mohamed, 2014, Mohamed et al., 
2016) and only a single study has combined a study of feeding ecology combined with 
population biology on the same fish sampled (Al-Shawi and Nawab, 2008). Thus, it can 
be seen that most studies on the population biology of abu mullet have focused on 
size and growth whilst a few studies have also to consider aspects of reproductive 
biology and feeding ecology (Table 2.1). Clearly, population biology data are limited 
for abu mullet and very few studies have provided management advice, eg. The recent 
studies on Liza abu in the Al-Hammar Marshes of Iraq (Mohamed, 2014; Mohamed et 
al., 2016) and in the Devegeçidi Dam Lake on the Tigris river in southern Turkey (Elp 
and Kaya, 2014). For abu mullet in Iraq, the most recent population biology studies 
Chapter 2: Population biology of the abu mullet  
 
32 
 
forward on populations in the Al-Hammar Marshes in the south (Mohamed, 2014, 
Mohamed et al., 2016) and in the Al-Audaim River in the north (Al-Shawi and Nawab, 
2008) but central Iraq populations have not been studied in detail since data were 
collected from Babylon Fish Farm in 2000 (Table 2.1). 
    The aims of this study were therefore to conduct a detailed study of the population 
biology of the abu mullet Liza abu in Central Iraq by collecting monthly samples of fish 
harvested from the Euphrates River from fishermen in Al-Najaf, Babylon and Karbala. 
Specifically: 
 The size structure will be described 
 The length-weight relationships will be determined 
 Fish will be aged using scales and the age structure described  
 Patterns of growth and maturity will be described 
 Morphometric measurements will be made to describe body shape 
 Fecundity of mature female fish will be determined 
 The diet and seasonal changes in feeding will be described 
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2.2 Methods 
2.2.1 Study areas and Sample collection 
Between October 2014 and November 2015, Liza abu were collected every month 
from Al-Najaf, Babylon (also known by its modern name, Al-Hillah) and Karbala in 
Central Iraq (Figure 2.4). The target sample size was 50 mullet per month although 
due to sampling logistics and insurgency activity, sample sizes varied between 20 and 
61 fish in any given month (Table 2.2). In total 609 Liza abu were collected. 
 
Table 2.2. Summary of the number of Liza abu collected from Al-Najaf, Babylon (Al-
Hillah) and Karbala in Central Iraq. For collection locations please see Figure 2.4. 
 
Month Al-Najaf Babylon Karbala 
2014    
October  - 50 - 
November  50 - - 
December - - 50 
2015    
January - 50 - 
February 50 - - 
March - - 55 
April 51 - - 
May 51 - - 
June 62 - - 
July - 50 - 
August - - 50 
September 20 - - 
October - - - 
November 20 - - 
 
The three cities of Al-Najaf, Babylon (Al-Hillah) and Karbala (Figure 2.4) were selected 
for sampling as these are the major cities for the three main administrative districts in 
Central Iraq.  
 
Karbala – the city of Karbala (32° 37’ N; 44° 02’ E) is located about 100 km southwest 
of Baghdad. The Karbala administrative region covers an area of ca. 52,859 km2 and 
in bordered by open desert and Razaza Lake on its western boundary, Babylon city on 
its eastern boundary and Al-Najaf city on its southern boundary. The average air 
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temperatures in Karbala are 17.6°C in winter, 25.2°C in spring, 42.5°C in summer and 
32.1°C in autumn respectively (World Weather Information Service, 2017). In Karbala, 
most fish were collected by fishermen on the Al-Husseinia and Al-Hindiya rivers (a 
branchs of the Euphrates River) and on their tributaries/streams (Figure 2.5). In 
addition, fish were also collected from large ponds. All fishing was done within the 
perimeter of the city of Karbala. Approximately 50 fish were collected per month but 
collection of samples depended on the safety situation in the locations and on the 
activity of the fishermen in these areas. 
 
 
 
Figure 2.4.  Location of the study area and the three sampling locations in Central Iraq. 
 
Al-Najaf – the city of Al-Najaf (32° 00’ N; 44° 20’ E) is located about 80 km southwest 
of Karbala. The administrative region of Al Najaf covers an area of ca. 28,824 km2 and 
in bordered by open desert on its western boundary and Babylon city on its northwest 
boundary. The average air temperatures are 16.3°C in winter, 26.5°C in spring, 42.5°C 
in summer and 34.9°C in autumn respectively (Weatherbase, 2017). In Al-Najaf, most 
fish were collected by fishermen on the Al-Kufah river (a branch of the Euphrates 
River) and on its tributaries/streams (Figure 2.5). In addition, fish were also collected 
from large ponds where fish are farmed under extensive aquaculture. All fishing was 
done within the perimeter of the city of Al-Najaf. Approximately 50 fish were collected 
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per month but collection of samples depended on the safety situation in the locations 
and on the activity of the fishermen in these areas. 
 
Babylon (Al-Hillah) – the city of Babylon (32° 32’ N; 44° 25’ E) is located about 85 km 
south of Baghdad. The administrative region of Babylon covers an area of ca. 5,119 
km2 and in bordered by Karbala on its western boundary and Al-Najaf on its southern 
boundary. The average air temperatures are 17°C in winter, 26.1°C in spring, 43.5°C in 
summer and 33°C in autumn respectively (Weatherbase, 2017). In Babylon, most fish 
were collected by fishermen on the Euphrates River and on its tributaries/streams 
(Figure 2.5). In addition, fish were also collected from drainage canals on large ponds 
where other fish species such as silver carp and common carp are farmed under 
extensive aquaculture. All fishing was done within the perimeter of the city of Babylon.  
 
 
Figure 2.5.  Some habitats where Liza abu were caught in the study areas of Al-Najaf, 
Babylon and Karbala in Central Iraq. 
 
     Liza abu of a range of sizes (ca. 9 to 22 cm total length) were bought from fishermen 
selling their daily catch in the fish markets in Al-Najaf, Babylon and Karbala and 
transported on ice to private accommodation where they were frozen prior to 
processing every three months. 
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2.2.2 Data Collection  
During processing, each fish was photographed on a length board to obtain an image 
of the whole body profile and a close-up image of the head. Total length and standard 
length (to nearest mm) and body weight (to nearest 0.1g) were measured (Figure 2.6). 
In addition, maximum body depth, eye diameter, horizontal mouth opening and 
horizontal mouth opening were measured using calipers (all to nearest mm) (Figure 
2.6). The fish was then opened up by cutting the ventral surface from the anus to the 
gills to expose the organs in the peritoneal cavity. The liver, gut and gonad were 
removed and weighed (to the nearest 0.1g).  
 
 
Figure 2.6. Morphometric measurements taken on Liza abu. 
 
The sex of each fish and maturity status (immature or mature) were identified based 
on macroscopic examination of the gonads (King, 2007). Maturity stage was 
determined based on the following attributes (Andrade-Talmelli et al., 1996; Marin et 
al., 2003):  
 gonad colour 
 gonad appearance 
 gonad shape and size,  
 Large veins with blood present on ovaries  
 Eggs visible by eye 
 the degree of  gonad vascularization 
 the percentage occupation of the peritoneal cavity, 
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Six maturity stages (see Tables 2.3 and 2.4), as defined by Biswas (1993) and Albieri 
and Araújo (2010) were determined based on six distinguishable stages of gonad 
development: 
 
 Stage I - Immature  
 Stage II - Developing  
 Stage III - Maturing  
 Stage IV – Ripe/Running  
 Stage V - Spent  
 Stage VI - Recovering/Resting 
 
The gut of each fish was removed, weighed (to nearest 0.1 g) and the degree of 
fullness estimated on a scale from 0 to 100% using the fullness intervals of 0, 5, 10, 
25, 50, 75 and 100% (modified from Soyinka, 2008). See Figure 3.6 for a more detailed 
description and photographic images of the differing degrees of stomach. The 
contents of the gut were emptied into a petri dish and the following categories 
identified according to Prescott (1954), Edmonson (1959) and Shirota (1966): 
 
 Macroalgae and Plants 
 Diatoms 
 Zooplankton 
 Organic Material 
 Insects 
 Sand  
 Digested Food  
            (Unidentifiable) 
 Others (e.g. stones, plastic, 
seeds)   
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Table 2.3. Description of the appearance of ovaries in Liza abu at different stages of maturity (modified from Marin et al., 2003; Albieri et al., 2010). 
 
 
Chapter 2: Population biology of the abu mullet  
 
39 
 
Table 2.4. Description of the appearance of testes in Liza abu at different stages of maturity (modified from Marin et al., 2003; Albieri et al., 2010). 
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The relative percentage contribution of each grouping to the overall stomach contents was 
estimated by eye.  
     In order to age the fish, ca. 25-30 scales were removed from the lateral flank below the 
dorsal fin for each fish. In addition, the sagittal otoliths were removed from each fish and the 
four opercular bones, pectoral arch bone and the first 4-5 vertebrae behind the head were 
sampled from 23 fish (see Chapter 4). All ageing structures were cleaned in water, dried and 
stored in labelled paper envelopes until subsequent ageing in Menai Bridge (see sections 
4.2.2). In addition, for each fish, one sagittal otolith was weighed (to nearest mg) in the 
laboratory in Menai Bridge. For the current study on population dynamics of Liza abu, each 
fish was aged by counting the number of rings on five original (i.e. not regrowth) scales (see 
Figure 2.7). Ageing of mullet using scales is standard practice and has been conducted for a 
range of mullet species (e.g. Kennedy and Fitzmaurice, 1969 ; Hickling, 1970; Almeida et al., 
1995; Hamza, 1999; Snovsky and Shapiro, 2000; Abbas, 2001; Kraïem et al. 2001; Gallardo-
Cabello et al., 2005; Fazli et al. 2008; Hsu and Tzeng, 2009; Minos et al. 2010; Kraljevíc et al. 
2011), including abu mullet (Mhaisen and Al-Jaffery, 1989; Mhaisen and Yousif, 1989; Al-
Asadiy et al. 2000).  
 
2.2.3 Data Analysis 
2.2.3a Morphometrics 
The Length-Weight relationship was described using the power function W = a.Lb (Froese, 
2006; King, 2007), where W is the body wet weight (g), L is the total length (mm), and a and 
b are constants. The constants a and b were calculated from the intercept and slope of the 
log-transformed power function (LnW = Lna + b.LnL). The length-weight relationships for 
females and males at each location were examined separately and the slopes of the 
regression lines for the log-transformed data were compared using a General Linear Model 
(SPSS v.22) to test for differences between the sexes. The log-transformed data for both sexes 
at each location were combined and the slopes of the three regression lines compared using 
a General Linear Model (SPSS v.22) to test for differences between locations. Condition factor 
has been used as an indication of the ‘fatness’ or ‘well being’ of fish, based on the assumption 
that heavier fish of a given length are in better condition (Bolger and Connolly, 1989). The 
condition factor of abu mullet in their habitat was determined by using Fulton’s Condition 
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Factor (CF) calculated as CF = W/TL3 (Bolger and Connolly, 1989) where W is the total body 
weight of the fish (g) and TL is the total length of the fish (mm). 
     In order to describe simply any differences in overall body shape between Liza abu from 
Al-Najaf, Babylon and Karbala, the relationships between Total Length (mm) and Standard 
Length, Body Depth, Eye Diameter (all mm) and mouth area (mm2) were determined for each 
location and the slopes of the three regression lines for each length/morphometric 
measurement compared using a General Linear Model (SPSS v.22) to test for differences 
between locations. Mouth area (MA. mm2) was calculated using the equation MA = 
π.(VMO/2).(HMO/2) where VMO and HMO are the vertical and horizontal mouth openings (in 
mm) (Karachle and Stergiou, 2011). In order to determine whether fish from each location 
possessed a distinct body shape, quadratic discriminant function analysis (QFDA) was used to 
determine whether abu mullet could be classified back to their sampling location based on 
their length/weight, body depth, eye diameter and mouth area. In order to normalise the 
data, mouth areas was Ln-transformed prior to inclusion in the QDFA. QDFA was used rather 
than linear DFA as the data included in the model were normal but with unequal variance. A 
leave-one out, cross-validated QDFA (CV-QDFA) model was used whereby each fish was 
removed from the data set in turn and the remaining fish used to establish the baseline and 
the model determined which of the three locations that fish was most similar to based on its 
morphometrics and whether it was classified back to the correct group (i.e. Al-Najaf, Babylon, 
Karbala). CV-QDFA was conducted using Minitab v14. 
 
2.2.3b Growth 
Liza abu were aged by counting the number of annual rings present in 5 intact (i.e. not 
regrown) scales under a dissecting light microscope and the number of growth rings counted 
(Figure 2.7). The relationship between total length and age for was described using the von 
Bertalanffy growth equation, Lt = L∞[1-e-k(t- to)] (King, 2007), where Lt is total length (mm) at 
age t (years), k is the growth coefficient (year-1), L∞ is the asymptotic total length and to is the 
theoretical age at length zero (year). The equation was fitted using the non-linear curve fitting 
programme in SPSS v.22. The Phi Prime (Ø’) growth performance index was calculated for 
males, females and for both sexes combined from the von Bertalannfy growth constants using 
the following equation: Ø’ = log10K + 2 log10L∞ (Pauly and Munro, 1984). 
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Figure 2.7. Examples of scales from Liza abu of different ages (from 1 to 5 years old) from 
Central Iraq.   
 
2.2.3c Maturity 
Liver and gonad weights were expressed as a percentage of the body weight of the fish as the 
hepatosomatic index (HSI) and gonadosomatic (GSI) index respectively using the following 
equations, HSI = 100.Lw/W and GSI = 100.Gw/100 where Lw is liver weight, Gw is gonad weight 
and W is the total body weight (all g) respectively. For each location, differences in GSI 
between the different maturity stages were compared using a One-way Analysis of Variance. 
 
2.2.3d Fecundity 
 Absolute fecundity (AF), which is the total number of eggs in the ovaries of a fish prior to 
spawning (Bagenal, 1978) was estimated in 14 ripe (i.e. stage IV) female abu mullet of a range 
of sizes by the following procedure. Samples of ca. 1 g of eggs were taken from the front, 
middle and rear sections of the ovaries and the number of eggs in a 100 mg subsample from 
each of these samples were counted using a dissecting microscope. The average number of 
eggs 100 mg-1 was calculated and multiplied by 10 to calculate the average relative fecundity 
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(number of eggs g-1 gonad) and this number multiplied by gonad weight to determine 
absolute fecundity (number of eggs per female) (Kendall and Gray 2008; González-Castro and 
Minos, 2016). The relationship between absolute fecundity (AF, number of eggs) and body 
weight (W, g) was described using a power function, AF = aWb (Bagenal, 1978) and a and b 
are constants. 
 
2.2.3e Feeding 
The gut content data were analysed to determine diet and the relative importance of different 
food items to the diet of Liza abu in central Iraq. The feeding activity (by month, by location 
and for all data combined) was examined by calculating the percentage of fish in a sample 
with food items present in the gut (i.e. 100*[number of fish with food items in gut/total 
number of fish in the sample]) and by determining stomach fullness (see section 2.2). The 
relative importance of different food items was determined by calculating the following 
indices:   
 
a) Frequency of Occurrence (Oi),  
Gut contents were examined, sorted and identified (see above) and the frequency of 
occurrence for each food item expressed as a percentage of the total number of guts 
examined containing that food item using the following equation: Oi = 100.Ji/P where J is the 
number of fish containing prey item i and P is the total number of fish with food in their gut. 
(Hynes, 1950; Hyslop, 1980; Xie et al., 2000). 
 
b) Relative Food Volume (Pα)   
A volumetric method, using a relative points system, was applied to each food item in the 
stomach by allocating a number of points based on its volume (Bagenal, 1978; Hyslop, 1980). 
The diet component with the highest volume was allocated 16 points and the other 
components were awarded 16, 8, 4, 2, 1 or 0 points depending on their volume relative to the 
component with the highest volume. Percentage volumes within each subsample were 
calculated using the following equation: Pα (%) = 100.(Σpointsα/ΣTotal points) where pointsα 
is the total number of points allocated to gut component α in the sample of fish and Total 
points is the total number of points allocated to the sample of fish. This method has proven 
useful for analyzing omnivores and herbivores (Bagenal, 1978; Hyslop, 1980) and has been 
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used in previous studies on the feeding ecology of abu mullet (e.g. Islam and Khalaf, 1982; 
Naama and Muhsen, 1986; Tulkani, 2008; Al Shamma’a et al. 2012) and other mugilid species 
(e.g. Blay, 1995; Soyinka, 2008; Mondal and Mitra, 2016; Mondal et al. 2016).  
 
c) Index of preponderance (IP) 
The gut contents could only be identified up to higher taxonomic groups. Index of 
preponderance (IP) of each food item was worked out by applying the formula devised by 
Natarajan and Jhingran (1961), was used to provide a summary picture of the relative 
importance of dietary items by considering their frequency of occurrence within the sample 
as well as their volume within the gut. IP was calculated as follows: 
IP = 100 x (Oi x Vi)/ Σ(Oi x Vi) 
where Oi is the frequency of occurrence and Vi is the average volume for a given food item 
in the gut.  
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2.3 Results 
 
2.3.1 Length-frequency distributions 
A total of 609 abu mullet, Liza abu were collected from Al-Najaf (n = 304), Babylon (n= 150) 
and Karbala (n = 155) in central Iraq between October 2014 and November 2015 comprising 
of 286 male and 323 female fish (Tables 2.5 and 2.6). 
     The monthly length frequency distributions for the Liza abu sampled between October 
2014 and November 2015 are presented in Figure 2.8 and summarised in Table 2.7. In total, 
three monthly samples were collected from Babylon (Figure 2.8a) and from Karbala (Figure 
2.8b) and seven monthly samples collected from Al-Najaf (Figure 2.8c). Sample collection 
from some locations was prevented by insurgency activity, particularly on the last sampling 
occasion (September – November 2015).  
     The total lengths (TL) of the abu mullet collected ranged between 85 – 211 mm for Al-
Najaf, 85 - 220 mm for Babylon and 125 to 218 mm for Karbala respectively (Figures 2.8 and 
2.9). Examination of the length-frequency distribution for the male and female fish in the 
Babylon samples showed that the majority of female fish sampled were between 131 and 190 
mm Tl (87.8 % of the sample) with 36.5% of female fish between 161 and 175 mm TL. The 
majority of male fish in Babylon were between 131 and 175 mm TL (64.5% of the sample) 
with 26.3% of male fish between 161 and 175 mm TL (Table 2.5, Figure 2.9a). Chi-squared 
tests showed that more male fish were present amongst the smaller fish (< 130 mm TL; p = 
0.008) but similar numbers of male and female fish in the size classes > 130 mm TL and in the 
overall sample (Table 2.5). In Karbala, the majority of the female fish sampled were between 
146 and 190 mm Tl (75.6 % of the sample) with 57.7% of female fish between 146 and 175 
mm TL and the majority of male fish were between 131 and 175 mm TL (81.5% of the sample) 
(Table 2.5, Figure 2.9b). Chi-squared tests showed that more male fish were present amongst 
the smaller fish (< 145 mm TL; p = 0.002) and more female fish present amongst the larger 
fish (> 176 mm TL; p = 0.033 and p < 0.001) and in the overall sample (p = 0.045; Table 2.5). 
In Al-Najaf, the majority of both female and male fish sampled were between 116 and 175 
mm TL (74.8 % for females and 77.2% for males respectively) with no single dominant size 
class amongst those four size classes for either sex (Table 2.5, Figure 2.9c). Chi-squared tests 
showed that similar numbers of male and female fish were present in all size classes except 
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amongst the largest fish (> 191 mm TL, p < 0.001) but similar numbers of male and female fish 
were present in the overall sample (Table 2.5). 
     The Length frequency distributions of male and female Liza abu for all three locations 
combined are shown in Figure 2.9d and Table 2.6. When combined, the majority of both male 
and female fish were between 131 and 175 mm TL (64.1 % for females and 65.4% for males 
respectively) with no single dominant size class amongst those three size classes for males 
but the 161-155 mm TL size class dominant for female fish (Table 2.6, Fig 2.9d). Chi-squared 
tests showed that similar numbers of male and female fish were present in the 131-145 and 
146-160 mm TL size classes (p = 0.36 and 0.73 respectively) but more male fish were present 
amongst fish < 130 mm TL and more female fish found amongst the larger fish > 161 mm TL 
(Table 2.6), however similar numbers of male and female fish were present in the overall 
sample (Table 2.6). 
 
2.3.2 Length – weight relationships 
The mean size data (Total Length, TL, cm; Total Weight, TW, g) for male and female Liza abu 
for every monthly sample, for each location and for all data combined are presented in Table 
2.7. Amongst the monthly samples, the average TL and TW values for female fish were larger 
in 7 of the 13 monthly samples, especially in the spring and summer months (i.e. March to 
August; all p < 0.05) (Table 2.7). When the monthly data for each location were combined, 
the average TL values for female fish were larger for all three locations (all p < 0.001) and the 
average TW values were larger for Al-Najaf and Karbala (both p < 0.001) (Table 2.7). When all 
the data were combined, the average TL for female abu mullet was larger than for males (p = 
0.039) but average TW values were similar for both sexes (p = 0.24) (Table 2.7). 
     The length-weight relationships for male and female abu mullet and for both sexes 
combined are presented for Al-Najaf, Babylon and Karbala in Figures 2.10 to 2.12 respectively 
and the data for all three sites combined are presented in Figure 2.13. As expected, the 
relationship between total length and total weight were curvilinear. The plots indicate that 
abu mullet caught in the spring and summer months tended to be heavier for their length 
compared to fish caught at other times of the year, this is especially apparent for abu mullet 
caught during the summer months in Al-Najaf compared to those caught in 
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Figure 2.8.  Length frequency distributions (N.), within 15 mm longitudinal distance in total length of males and females of Liza abu from  
                     three locations in central Iraq, (a) Babylon, (b) Karbala and (c) Al-Najaf. 
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Table 2.5. Length-frequency distributions within 15 mm total length (mm) classes for Liza abu 
from Al-Najaf, Babylon and Karbala in Central Iraq. The X2 test compares the number of male 
and female fish in each size class against an expected 50:50 distribution. [Note: some size 
classes are combined for the X2 test to generate an expected frequency of > 5). 
 
Length 
Class (mm) 
Location Male Female Χ2 p 
 
85-100 
Al-Najaf 
Babylon 
Karbala 
14 
2 
0 
21 
0 
0 
2.33 
- 
- 
0.13 
- 
- 
 
101-115 
Al-Najaf 
Babylon 
Karbala 
9 
1 
0 
10 
0 
0 
6.40 
- 
- 
0.01 
- 
- 
 
116-130 
Al-Najaf 
Babylon 
Karbala 
27 
9 
5 
23 
2 
0 
0.32 
7.14a 
- 
0.57 
0.008a 
- 
 
131-145 
Al-Najaf 
Babylon 
Karbala 
32 
14 
18 
35 
13 
6 
0.13 
0.04 
9.69a 
0.71 
0.84 
0.002a 
 
146-160 
Al-Najaf 
Babylon 
Karbala 
27 
15 
21 
27 
13 
27 
0 
0.14 
0.75 
1.00 
0.77 
0.38 
 
161-175 
Al-Najaf 
Babylon 
Karbala 
26 
20 
14 
34 
27 
25 
1.07 
1.04 
0.03 
0.30 
0.31 
0.86 
 
176-190 
Al-Najaf 
Babylon 
Karbala 
9 
9 
6 
15 
12 
16 
1.50 
0.42 
4.54 
0.22 
0.52 
0.033 
 
191-205 
Al-Najaf 
Babylon 
Karbala 
1 
4 
1 
14 
4 
9 
14.22b 
0.07b 
13.23b 
< 0.001b 
0.79 
< 0.001b 
 
206-215 
Al-Najaf 
Babylon 
Karbala 
0 
0 
0 
3 
3 
4 
- 
- 
- 
- 
- 
- 
 
216-230 
 
Al-Najaf 
Babylon 
Karbala 
0 
2 
0 
0 
0 
3 
- 
- 
- 
- 
- 
- 
 
Total 
Al-Najaf 
Babylon 
Karbala 
145 
76 
65 
159 
74 
90 
0.64 
0.03 
4.03 
0.42 
0.86 
0.045 
 
a = test based on sample sizes including previous smaller size classes 
b =test based on sample sizes including the subsequent larger size classes 
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Table 2.6. Length-frequency distributions and sex ratios (Males: Females) within 15 mm Total 
Length (mm) classes for Liza abu from Central Iraq (combining data from the three sample 
locations). The X2 test compares the number of male and female fish in each size class against 
an expected 50:50 distribution. [Note: size classes > 206 mm are combined for the X2 test to 
generate an expected frequency of > 5). 
 
 
Length 
Class (mm) 
Male Female Sex ratio Χ2 p 
85-100 16 7 2.29 3.52 0.06 
101-115 10 1 10.00 7.36 0.006 
116-130 41 25 1.64 3.88 0.048 
131-145 64 54 1.19 0.85 0.36 
146-160 63 67 0.94 0.12 0.73 
161-175 60 86 0.70 4.63 0.03 
176-190 24 43 0.56 5.39 0.02 
191-205 6 27 0.22 13.36 <0.001 
206-215 0 10 0.00 8.07a 0.005a 
216-230 2 3 0.67 - - 
Total 286 323 0.89 2.25 0.13 
 
a =test based on sample sizes including the subsequent larger size class 
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Table 2.7. Average size (Total Length, TL, cm; Total Weight, TW) of Liza abu from three 
locations in Central Iraq (Al-Najaf, Babylon and Karbala) sampled between October 2014 and 
November 2015. Differences in average size between males and females in any month are 
analysed using a two sample t-test, except * = Mann Whitney U test. 
Month Sex N TL (mm) P TW (g) p 
Oct 2014 
Babylon 
Male 
Female 
23 
27 
166.7 ± 34.0 
162.3 ± 30.2 
0.82* 54.06 ± 27.52 
50.91 ± 25.22 
0.82* 
Nov 2014 
Al-Najaf 
Male 
Female 
22 
28 
129.7 ± 10.8 
133.8 ± 9.4 
0.16 26.75 ± 5.66 
28.99 ± 5.29 
0.16 
Dec 2014 
Karbala 
Male 
Female 
24 
26 
145.9 ± 6.2 
151.4 ± 5.6 
0.001 33.12 ± 4.23 
37.16 ± 3.70 
0.001 
Jan 2015 
Babylon 
Male 
Female 
30 
20 
164.4 ± 12.5 
168.0 ± 5.5 
0.26* 48.46 ± 9.49 
47.98 ± 4.57 
0.83 
Feb 2015 
Al-Najaf 
Male 
Female 
27 
23 
156.0 ± 16.1 
154.9 ± 16.0 
0.81 45.56 ± 12.08 
43.14 ± 10.34 
0.44 
Mar 2015 
Karbala 
Male 
Female 
16 
39 
169.0 ± 9.6 
185.6 ± 16.5 
<0.001 56.16 ± 12.43 
74.17 ± 18.13 
<0.001 
Apr 2015 
Al-Najaf 
Male 
Female 
26 
25 
135.5 ± 22.3 
166.4 ± 18.2 
<0.001 35.88 ± 11.68 
59.35 ± 16.69 
<0.001* 
May 2015 
Al-Najaf 
Male 
Female 
20 
31 
119.6 ± 30.3 
149.3 ± 37.1 
0.004 27.95 ± 15.22 
46.97 ± 25.67 
0.003* 
June 2015 
Al-Najaf 
Male 
Female 
27 
35 
152.6 ± 25.6 
163.4 ± 28.9 
0.13 46.41 ± 20.99 
55.76 ± 23.93 
0.11 
July 2015 
Babylon 
Male 
Female 
23 
27 
140.6 ± 19.5 
168.5 ± 12.5 
<0.001 33.19 ± 10.59 
47.60 ± 10.55 
<0.001 
Aug 2015 
Karbala 
Male 
Female 
25 
25 
153.9 ± 17.9 
165.4 ± 16.7 
0.02 37.28 ± 12.58 
45.85 ± 13.85 
0.03 
Sept 2015 
Al-Najaf 
Male 
Female 
9 
11 
163.1 ± 7.5 
172.4 ± 13.3 
0.08 38.12 ± 3.22 
43.84 ± 9.02 
0.07 
Nov 2015 
Al-Najaf 
Male 
Female 
14 
6 
123.8 ± 11.1 
160.5 ± 5.62 
<0.001 21.79 ± 5.43 
38.64 ± 3.93 
0.005 
Al-Najaf Male 
Female 
145 
159 
140.0 ± 24.9 
154.5 ± 26.6 
<0.001 35.94 ± 15.73 
46.09 ± 20.72 
<0.001* 
Babylon Male 
Female 
76 
74 
157.9 ± 25.4 
166.1 ± 19.9 
0.03 45.53 ± 19.03 
48.91 ± 16.55 
0.25 
Karbala Male 
Female 
65 
90 
154.2 ± 15.7 
170.1 ± 20.4 
<0.001 40.24 ± 13.82 
55.61 ± 21.75 
<0.001* 
Combined Male 
Female 
286 
323 
153.1 ± 27.0 
157.3 ± 23.5 
0.039 43.98 ± 20.21 
45.51 ± 18.60 
0.24* 
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Figure 2.9. Percentage length- frequency distributions , within 15 mm longitudinal distance in 
total length of males , females of Liza abu in (a) Babylon, (b) Karbala, (c) Al-Najaf and (d) 
combined in all locations. 
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the autumn (Figure 2.10) during, or after the spawning season and the difference in weight is 
due to the changing size of the gonads (see section 2.3.8).  
     In order to describe the length-weight relationships for Liza abu at the three locations and 
for the data set as a whole, the data for each month were combined for male fish and female 
fish at each site. The length-weight data were Ln-transformed to linearise the data and the 
data are presented in Figure 2.14 and the regression data presented in Table 2.8. The slope 
values (b, the weight exponent) varied between 2.25 and 3.04 (Table 2.8) indicating negative 
allometric growth for males (increase in length more than increase in weight) in all three 
locations (i.e. b < 3) and negative allometric growth for female fish in Al-Najaf and Babylon 
whilst isometric growth was seen for female abu mullet in Karbala (Table 2.8).  
     The slopes (i.e. b-values) for the Ln-transferred TL-TW relationships for male and female 
abu mullet at each location were compared using a general linear model (GLM). For Al-Najaf, 
GLM analysis revealed a marginally significant interaction term (LnTL*sex; F1,300 = 4.06, p = 
0.05) indicating a marginally significant difference in b-values between the sexes but no 
differences in slopes were observed for Babylon (LnTL*sex; F1,146 = 0.52, p = 0.47) and Karbala 
(LnTL*sex; F1,151 = 1.36, p = 0.25). Therefore, male and female fish at each site were combined 
and the Ln-transferred TL-TW relationships for abu mullet for the three sites were compared 
using GLM. This analysis revealed a significant interaction term (LnTL*site; F2,602 = 26.40, p < 
0.001). GLM was used to compare the slopes of the LnTL-LnTW regression lines for Al-Najaf 
vs. Babylon, Al-Najaf vs. Karbala and Babylon vs. Karbala. These analyses showed that the 
LnTL-LnTW relationships for Al-Najaf and Babylon were similar (LnTL*site; F1,449 = 1.36, p = 
0.21) but LnTL-LnTW relationships for both Al-Najaf and Babylon were significantly different 
from Karbala (LnTL*site; Al-Najaf vs. Karbala, F1,454 = 49.41, p < 0.001; Babylon vs. Karbala, 
F1,305 = 34.50, p < 0.001). Combining male and female fish from all three sites and comparing 
the LnTL-LnTW relationship for the two sexes produced b-values of 2.28 and 2.42 respectively. 
Comparing the slopes of the two LnTL-LnTW regression lines using GLM indicated a significant 
difference in b-values between male and female abu mullet (LnTL*site; F1,605 = 4.80, p < 
0.029).  
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Table 2.8. Constants for the regression analyses conducted on the Ln-transformed length-
weight relationships [LnTW = Ln(a) + b*LnTL] for Liza abu from three locations in central Iraq 
sampled between October 2014 and November 2015. Regression data are presented for fish 
collected from Babylon, Karbala and Al-Najaf for male and female abu mullet separately and 
for both sexes combined and for all the fish combined. 
 
Location Sex N a b r2 p 
 
Al-Najaf 
Male 
Female  
Combined 
145 
159 
304 
0.0005 
0.0002 
0.0003 
2.25 
2.43 
2.35 
0.904 
0.910 
0.912 
< 0.001 
< 0.001 
< 0.001 
 
Babylon 
Male 
Female 
Combined 
76 
74 
150 
0.0002 
0.0001 
0.0002 
2.44 
2.54 
2.45 
0.927 
0.896 
0.915 
< 0.001 
< 0.001 
< 0.001 
 
Karbala 
Male 
Female 
Combined 
65 
90 
155 
0.011 
0.006 
0.007 
2.76 
3.04 
3.01 
0.872 
0.924 
0.916 
< 0.001 
< 0.001 
< 0.001 
 
Combined 
Male 
Female  
Combined 
286 
323 
609 
0.0004 
0.0002 
0.0003 
2.28 
2.42 
2.35 
0.892 
0.890 
0.897 
< 0.001 
< 0.001 
< 0.001 
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Figure 2.10. Length-weight relationships for Liza abu from Al-Najaf, Central Iraq with fish 
caught in different months indicated by the different coloured circles. (a) males, (b) females, 
(c) males and females combined.  
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Figure 2.11. Length-weight relationships for Liza abu from Babylon, Central Iraq with fish 
caught in different months indicated by the different coloured circles. (a) males, (b) females, 
(c) males and females combined.  
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Figure 2.12. Length-weight relationships for Liza abu from Karbala, Central Iraq with fish 
caught in different months indicated by the different coloured circles. (a) males, (b) females, 
(c) males and females combined.  
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Figure 2.13. Length-weight relationships for Liza abu from Central Iraq (data for fish caught in 
Al-Najaf, Babylon and Karbala combined). (a) males, (b) females, (c) males and females 
presented on the same plot.  
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Figure 2.14. LnLength-LnWeight relationships for male (blue circles) and female (red circle) 
Liza abu from (a) Al-Najaf, (b) Babylon and (c) Karbala in Central Iraq. The linear regression 
details are presented on each plot.   
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2.3.3 Condition factor 
The monthly Fulton’s Condition Factor values for male and female Liza abu collected from Al-
Najaf, Babylon and Karbala are presented in Table 2.9 and Figure 2.15. To examine any 
potential differences in condition factor, comparisons were made between male and female 
fish in any month, between males and females from a given location (i.e. combining all 
months for each sex) and between locations (i.e. combining all data for a given location). In 
addition the change in condition factor over time for male or female abu mullet was examined 
by combining the data from all locations and examining the change in condition factor 
between October 2014 and November 2015. 
     Overall monthly average Condition Factor values ranged between 0.0088 (September 
2015) and 0.0160 (May 2015) for male Liza abu and between 0.0085 (September 2015) and 
0.0135 (May 2015) for female abu mullet (Table 2.9, Figure 2.15). In general, Condition Factor 
values were similar (p> 0.05) between males and females in most months, except May, July 
and November 2015 when condition factor was lower in females compared to males (Table 
2.9). However, when the monthly samples were combined, male average Condition Factor 
was significantly higher for abu mullet from Al-Najaf (p = 0.019) and Babylon (p = 0.011) but 
similar for fish from Karbala (p = 0.46) (Table 2.9). Overall, male abu mullet had a higher 
average Fulton’s Condition Factor than female abu mullet (p < 0.001) using a two sample t-
test, except * = Mann Whitney U test (Table 2.9). Comparing between locations indicated a 
significant difference in average Condition Factor between sites (Kruskal Wallis; H2 = 107.0, p 
< 0.001). Pairwise comparisons using Mann-Whitney tests indicated that abu mullet from Al-
Najaf had a significantly higher Condition Factor compared to Babylon (U1 = 63.7, p < 0.001) 
and Karbala (U1 = 66.6, p < 0.001) and that fish from the latter two sites had similar Condition 
Factor values (U1 = 12.1, p = 0.59).  
     Monthly changes in Fulton’s Condition Factor for male and female abu mullet are 
presented in Figure 2.15. Significant differences over time were observed for both male 
(ANOVA, F12.273 = 20.04, p < 0.001) and female (ANOVA, F12.310 = 19.89, p < 0.001) fish. The 
plot of Condition Factor over time indicates that peak condition (i.e. the highest values) were 
observed in April/May for both male and female fish and that condition factor values tended 
to be higher, but not significantly so (see Table 2.9) in most months (Figure 2.15). Post-hoc 
comparisons of monthly Condition Factor values for both male and female fish   
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Table 2.9. Monthly Fulton’s Condition Factor [CF, TW (g)/TL3 (cm)] for male and female Liza 
abu from three locations in Central Iraq (Al-Najaf, Babylon and Karbala) sampled between 
October 2014 and November 2015. Differences in average Condition Factor between males 
and females in any month are analysed using a two sample t-test, except * = Mann Whitney 
U test. 
 
Month Sex N CF p 
Oct 2014 
Babylon 
Male 
Female 
23 
27 
0.0109 ± 0.0013 
0.0112 ± 0.0011 
0.36 
Nov 2014 
Al-Najaf 
Male 
Female  
22 
28 
0.0122 ± 0.0013 
0.0120 ± 0.0010 
0.66 
Dec 2014 
Karbala 
Male 
Female 
24 
26 
0.0107 ± 0.0007 
0.0107 ± 0.0005 
0.92 
Jan 2015 
Babylon 
Male 
Female  
30 
20 
0.0109 ± 0.0015 
0.0101 ± 0.0009 
0.06 
Feb 2015 
Al-Najaf 
Male 
Female 
27 
23 
0.0118 ± 0.0013 
0.0113 ± 0.0014 
0.20 
Mar 2015 
Karbala 
Male 
Female  
16 
39 
0.0115 ± 0.0016 
0.0114± 0.0011 
0.79 
Apr 2015 
Al-Najaf 
Male 
Female 
26 
25 
0.0143 ± 0.0027 
0.0127 ± 0.0011 
0.052* 
May 2015 
Al-Najaf 
Male 
Female  
20 
31 
0.0160 ± 0.0036 
0.0135 ± 0.0031 
0.016* 
June 2015 
Al-Najaf 
Male 
Female 
27 
35 
0.0124 ± 0.0093 
0.0121 ± 0.0013 
0.83* 
July 2015 
Babylon 
Male 
Female  
23 
27 
0.0119 ± 0.0023 
0.0099 ± 0.0013 
< 0.001 
Aug 2015 
Karbala 
Male 
Female 
25 
25 
0.0100 ± 0.0012 
0.0099 ± 0.0010 
0.70 
Sept 2015 
Al-Najaf 
Male 
Female  
9 
11 
0.0088 ± 0.0005 
0.0085 ± 0.0005 
0.20 
Nov 2015 
Al-Najaf 
Male 
Female 
14 
6 
0.0113 ± 0.0005 
0.0097± 0.0009 
0.007 
Al-Najaf Male 
Female  
145 
159 
0.0128 ± 0.0021 
0.0120 ± 0.0027 
0.019* 
Babylon Male 
Female 
76 
74 
0.0112 ± 0.0018 
0.0104 ± 0.0013 
0.011* 
Karbala Male 
Female 
65 
90 
0.0107 ± 0.0011 
0.0108± 0.0012 
0.46 
Combined  Male 
Female  
286 
323 
0.0119 ± 0.0024 
0.0113 ± 0.0019 
< 0.001 
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Figure 2.15. Monthly changes in Fulton’s Condition Factor  [CF, TW (g)/TL3 (cm)] for male and female Liza abu from three locations in Central 
Iraq (Al-Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. Data are presented as Mean values ± SD. The 
horizontal red arrow indicates the spawning period (defined as time of year when gonad size/condition are greatest). 
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Table 2.10. Results of post-hoc comparisons between months to determine where significant differences in Fulton’s Condition Factor  [TW (g)/TL3 
(cm)] are reported for male Liza abu following a significant ANOVA. Comparisons were made using Tamhane’s T2 test. Significant differences (p 
< 0.05) are indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The months highlighted in green indicate the 
spawning period as determined from gonad size/condition. Note that 24/30 pairwise comparisons for the months April – June compared to the 
other months are significant. 
 
Month Oct. Nov. Dec. Jan. Feb. Mar. Apr May June July Aug. Sept. Oct. 
Oct.              
Nov.              
Dec.              
Jan.              
Feb.              
Mar.              
Apr.              
May               
June               
July              
Aug              
Sept.              
Nov              
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Table 2.11. Results of post-hoc comparisons between months to determine where significant differences in Fulton’s Condition Factor  [TW (g)/TL3 
(cm)] are reported for female Liza abu following a significant ANOVA. Comparisons were made using Tamhane’s T2 test. Significant differences 
(p < 0.05) are indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The months highlighted in green indicate 
the spawning period as determined from gonad size/condition. Note that 21/30 pairwise comparisons for the months April – June compared to 
the other months are significant.   
 
Month Oct. Nov. Dec. Jan. Feb. Mar. Apr May June July Aug. Sept. Oct. 
Oct.              
Nov.              
Dec.              
Jan.              
Feb.              
Mar.              
Apr.              
May               
June               
July              
Aug              
Sept.              
Nov              
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(Tables 2.10 and 2.11) indicated the following patterns. Firstly, the highest condition factors 
values for both male and female Liza abu, observed between April and June, were significantly 
different (p < 0.05) than most other months in the year. For male fish, 24/30 pairwise 
comparisons (i.e. 80%) which compared the months April – June with the other months were 
significantly different (Table 2.10) and for females, 21/30 pairwise comparisons (i.e. 70%) 
which compared the months April – June with the other months were significantly different 
(Table 2.11). The months April – June fall with the spawning period for abu mullet in Central 
Iraq (see section 2.3.8). Secondly, for both male and female fish, the lowest average Condition 
Factor occurred in September, i.e. immediately after the spawning period, with condition 
being significantly lower in 11/12 pairwise comparisons (i.e. 92%) with the other months for 
female abu mullet (Table 2.11) and for 12/12 pairwise comparisons (i.e. 100%) with the other 
months for male abu mullet (Table 2.10).  
 
2.3.4 Morphometric relationships 
The relationships between Total Length (TL) and Standard Length (SL) for Liza abu from Al-
Najaf, Babylon and Karbala and for all three locations combined are shown in Figure 2.16 with 
the regression details presented in Table 2.12. For all three locations, GLM indicated that the 
slopes of the TL:SL regression for male and female fish were similar (Al-Najaf, F1,300 = 3.48, p 
= 0.06; Babylon, F1,146 = 0.93, p = 0.34; Karbala, F1,151 = 1.40, p = 0.24). Therefore, male and 
female fish were combined to produce TL:SL relationships with slope values of 0.976 to 0.993 
(Table 2.12). Analysis of the TL:SL relationships for three  locations using GLM produced a 
significant interaction term (F2,602 = 3.30, p = 0.038) indicating differences in the TL:SL 
relationship between locations. Further pairwise analyses between locations using GLM 
indicated that the TL:SL relationship for Karbala was significant different from Al-Najaf (F1,458 
= 10.17, p = 0.002) and Babylon (F1,303 = 8.69, p = 0.003) with no difference between Al-Najaf 
and Babylon (F1,453 = 0.29, p = 0.59).  
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Figure 2.16. Total Length (TL) & Standard Length (SL) relationship for Liza abu sampled 
between October 2014 and November 2015 from three locations in Central Iraq, Data are 
presented for; (a) Al-Najaf, (b) Babylon and (c) Karbala.  
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Table 2.12. Regression lines (Y = a + bX) describing the relationship between Total Length and 
Standard Length (mm) for male and female Liza abu from three locations in Central Iraq (Al-
Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. 
Location Sex N a b r2 p 
 
Al-Najaf 
Male 
Female  
Combined 
145 
159 
304 
-8.385 
-7.162 
-7.660 
0.996 
0.987 
0.991 
0.998 
0.998 
0.998 
< 0.001 
< 0.001 
< 0.001 
 
Babylon 
Male 
Female 
Combined 
76 
74 
150 
-8.840 
-7.136 
-8.338 
0.996 
0.987 
0.993 
0.998 
0.996 
0.997 
< 0.001 
< 0.001 
< 0.001 
 
Karbala 
Male 
Female 
Combined 
65 
90 
155 
-6.402 
-4.705 
-5.279 
0.983 
0.972 
0.976 
0.996 
0.957 
0.998 
< 0.001 
< 0.001 
< 0.001 
 
 
The relationships between Total Length (TL) and Body Depth (BD) for Liza abu from Al-Najaf, 
Babylon and Karbala and for all three locations combined are shown in Figure 2.17 with the 
regression details presented in Table 2.13. GLM indicated that the slopes of the TL:BD 
regression for male and female fish was similar for Babylon (F1,146 = 0.64, p = 0.42) but were 
significantly different for Al-Najaf (F1,300 = 7.86, p = 0.005) and Karbala (F1,151 = 7.47, p = 0.007). 
In both cases, the body depth of the females being significantly deeper than that of the males: 
Al-Najaf, males = 30.0 ± 7.7 mm, females = 35.2 ± 9.3 mm (t = 5.33, p < 0.001); Karbala, males 
= 33.1 ± 5.9 mm, females = 37.5 ± 6.3 mm (t = 4.38, p < 0.001). However, in order to compare 
TL:BD relationships between locations, the male and female fish were combined to produce 
a single TL:BD relationship for each location (Table 2.13). Analysis of the TL:BD relationships 
for three  locations using GLM produced a significant interaction term (F2,602 = 71.67, p < 
0.001) indicating differences in the TL:BD relationship between locations. Further pairwise 
analyses between locations using GLM indicated that the TL:BD relationship for Al-Najaf was 
significant different from Babylon (F1,450 = 32.2, p < 0.001) and Karbala (F1,455 = 8.27, p = 0.004) 
with no difference between Babylon and Karbala (F1,341 = 2.44, p = 0.12).  
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Figure 2.17. Total Length (TL) & Body depth (BD) relationship for Liza abu sampled between 
October 2014 and November 2015 from three locations in Central Iraq, Data are presented 
for; (a) Al-Najaf, (b) Babylon and (c) Karbala.  
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Table 2.13. Regression lines (Y = a + bX) describing the relationship between Total Length and 
Body Depth (mm) for male and female Liza abu from three locations in Central Iraq (Al-Najaf, 
Babylon and Karbala) sampled between October 2014 and November 2015. 
Location Sex N a b r2 p 
 
Al-Najaf 
Male 
Female  
Combined 
145 
159 
304 
-11.30 
-15.85 
-14.24 
0.295 
0.331 
0.318 
0.900 
0.886 
0.897 
< 0.001 
< 0.001 
< 0.001 
 
Babylon 
Male 
Female 
Combined 
76 
74 
150 
-5.39 
-7.13 
-6.26 
0.248 
0.261 
0.255 
0.902 
0.812 
0.868 
< 0.001 
< 0.001 
< 0.001 
 
Karbala 
Male 
Female 
Combined 
65 
90 
155 
-19.02 
-5.69 
-9.88 
0.338 
0.254 
0.279 
0.805 
0.669 
0.743 
< 0.001 
< 0.001 
< 0.001 
 
 
Table 2.14. Regression lines (Y = a + bX) describing the relationship between Total Length and 
Eye Diameter (mm) for male and female Liza abu from three locations in Central Iraq (Al-
Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. 
Location Sex N a b r2 p 
 
Al-Najaf 
Male 
Female  
Combined 
145 
159 
304 
2.37 
2.69 
2.49 
0.035 
0.033 
0.034 
0.781 
0.809 
0.811 
< 0.001 
< 0.001 
< 0.01 
 
Babylon 
Male 
Female 
Combined 
76 
74 
150 
2.84 
1.81 
2.51 
0.034 
0.040 
0.036 
0.661 
0.778 
0.689 
< 0.001 
< 0.001 
< 0.001 
 
Karbala 
Male 
Female 
Combined 
65 
90 
155 
3.41 
3.78 
3.60 
0.029 
0.027 
0.028 
0.644 
0.680 
0.710 
< 0.001 
< 0.001 
< 0.001 
 
 
The relationships between Total Length (TL) and Eye Diameter (ED) for Liza abu from Al-Najaf, 
Babylon and Karbala and for all three locations combined are shown in Figure 2.18 with the 
regression details presented in Table 2.14. For all three locations, GLM indicated that the 
slopes of the TL:ED regression for male and female fish were similar (Al-Najaf, F1,300 = 0.83, p 
= 0.01; Babylon, F1,146 = 0.94, p = 0.34; Karbala, F1,151 = 0.36, p = 0.55). Analysis of 
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Figure 2.18. Total Length (TL) and Eye Diameter (ED) relationship for Liza abu sampled 
between October 2014 and November 2015 from three locations in Central Iraq, Data are 
presented for; (a) Al-Najaf, (b) Babylon and (c) Karbala.  
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the TL:BD relationships for three  locations using GLM produced a significant interaction term 
(F2,603 = 5.11, p = 0.006) indicating differences in the TL:BD relationship between locations. 
Further pairwise analyses between locations using GLM indicated that the TL:BD relationship 
for Karbala was significant different from Al-Najaf (F1,458 = 9.03, p = 0.003) and Babylon (F1,303 
= 8.71, p = 0.003) with no difference between Al-Najaf and Babylon (F1,450 = 0.72, p = 0.40).  
     The relationships between Total Length (TL) and Mouth Area (MA) for Liza abu from Al-
Najaf, Babylon and Karbala and for all three locations combined are shown in Figure 2.19 with 
the regression details presented in Table 2.15. GLM indicated that the slopes of the TL:MA 
regressions for male and female fish were similar for Al-Najaf (F1,300 = 0.44, p = 0.51) and 
Karbala (F1,151 = 3.43, p = 0.07) but significantly different for Babylon (F1,146 = 15.08, p < 0.001). 
However, in order to compare TL:MA relationships between locations, the male and female 
fish were combined to produce a single TL:BD relationship for each location (Table 2.15). 
Analysis of the TL:MA relationships for three  locations using GLM produced a significant 
interaction term (F2,603 = 35.86, p < 0.001) indicating differences in the TL:MA relationship 
between locations. Further pairwise analyses between locations using GLM indicated that the 
TL:MA relationship for Karbala was significant different from Al-Najaf (F1,455 = 72.32, p < 0.001) 
and Babylon (F1,301 = 15.20, p < 0.001) with no difference between Al-Najaf and Babylon (F1,450 
= 2.17, p = 0.14).  
 
Table 2.15. Regression lines (Y = a + bX) describing the relationship between Total Length and 
Mouth Area (mm2) for male and female Liza abu from three locations in Central Iraq (Al-Najaf, 
Babylon and Karbala) sampled between October 2014 and November 2015. 
Location Sex N a b r2 p 
 
Al-Najaf 
Male 
Female  
Combined 
145 
159 
304 
4.00 
6.59 
5.81 
0.293 
0.305 
0.302 
0.788 
0.761 
0.792 
< 0.001 
< 0.001 
< 0.001 
 
Babylon 
Male 
Female 
Combined 
76 
74 
150 
12.25 
7.16 
5.72 
0.315 
0.203 
0.277 
0.785 
0.555 
0.709 
< 0.001 
< 0.001 
< 0.001  
 
Karbala 
Male 
Female 
Combined 
65 
90 
155 
12.34 
22.70 
19.25 
0.192 
0.127 
0.148 
0.391 
0.332 
0.390 
< 0.001 
< 0.001 
< 0.001 
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Figure 2.19. Total Length (TL) & Mouth Area (mm2) relationship for Liza abu sampled between 
October 2014 and November 2015 from three locations in Central Iraq, Data are presented 
for; (a) Al-Najaf, (b) Babylon and (c) Karbala.  
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Figure 2.20. Summary of relationships between Total Length (mm) and (a) Body Depth (mm), 
(b) Eye Diameter (mm) and (c) Mouth Area (mm2) for Liza abu sampled between October 
2014 and November 2015 from three locations in Central Iraq (Al-Najaf, Babylon and Karbala). 
The Regression data are presented in Tables 2.13 – 2.15.   
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Since the relationships between Total Length and Total Weight, Body Depth, Eye Diameter 
and Mouth Area (Figure 2.20) indicated significant differences in condition and body shape 
between the three sampling sites (Al-Najaf, Babylon and Karbala; Figure 2.21), further 
analyses were conducted to examine whether these morphometric differences were 
distinctive enough to classify fish back to site of capture. Since the morphometric data for the 
three sites were all normally distributed (TW after Log10 transformation) but had unequal 
variance, cross-validated quadratic discriminant function analysis (i.e. using a leave one out 
approach was used to determine what proportion of fish from each location would correctly 
classify back to their site of capture based on their body morphometrics (i.e. TL, log10TW), BD, 
ED, MA) (Table 2.16).  
 
Table 2.16. CV-QDFA using Total Length (mm) Log10Total weight (g), Body depth, Eye 
Diameter (both mm) and Mouth Area (mm2)  to predict site of capture for male and female 
Liza abu from three locations in Central Iraq (Al-Najaf, Babylon and Karbala) sampled between 
October 2014 and November 2015. 
 True Group  
 Al-Najaf Babylon Karbala 
Al-Najaf 211 17 24 
Babylon 15 83 14 
Karbala 78 50 117 
Number 304 150 155 
Number Correct 211 83 117 
Proportion 0.694 0.553 0.755 
 
Assignment of abu mullet to site of origin was high for Al-Najaf and Karbala with 69.4% and 
75.5% of fish correctly classifying to source (correct assignment by chance would be 33.3%) 
(Table 2.16). Most fish from Al-Najaf that did not classify to source were assigned to Karbala 
(25.6%) and incorrectly classified fish from Karbala tended to assigned to Al-Najaf (15.5%) 
(Table 2.16). Assignment success for Babylon was lower at 55.3% with a large proportion of 
fish (33.3%) being classified as Karbala abu mullet based on their body size (TL, TW) and shape 
(BD, ED and MA) (Table 2.16). These classification successes can be seen on the PCA plot 
presented in Figure 2.22.  
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Figure 2.21. Representative photographs of abu mullet, Liza abu sampled from the three 
locations in central Iraq (Al-Najaf, Babylon and Karbala). 
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Figure 2.22. PCA plot of the first and second principal components scores using Total Length 
(mm), Total Weight (g), Body Depth (mm), Eye Diameter (mm) and Mouth Area (mm2) to 
describe the basic body shape and body condition of Liza abu sampled between October 2014 
and November 2015 from three locations in Central Iraq (Al-Najaf, Babylon and Karbala). 
 
To produce this plot, the 5 morphometric variables were condensed down to 2 principal 
components (accounting for 93.2% of the variance) and the plot in Figure 2.22 clearly shows 
that the majority of the fish for Al-Najaf are clustering on the left of the plot along the first 
principal component axis and the majority of the fish for Karbala cluster to the right whilst 
the fish from Babylon are more evenly distributed along the first principal component axis 
(Figure 2.22).  
 
2.3.5 Age Frequency distributions 
The scale readings revealed that the ages of Liza abu ranged from O+ to 5+ years for both 
males and females (Table 2.17). Within the data set as a whole (i.e. all 3 sites combined), the 
most common ages classes for both sexes were one year old (i.e. fish in the 1 and 1+ groups) 
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and two year old (i.e. fish in the 2 and 2+ groups) fish which accounted for 29.0% and 40.6% 
of male fish and 35.3% and 32.5% of female fish respectively (Table 2.17, Figure 2.23). 
 
Table 2.17. Age-frequency distributions and sex ratios (Males: Females) for male and female 
Liza abu from Central Iraq (combining data from the three sample locations). The χ2 test 
compares the number of male and female fish in each age class against an expected 50:50 
distribution. Significant differences are highlighted in bold.  
 
Age 
Class 
Male Female Sex Ratio Χ2 p 
0+ 15 7 2.14 2.91 0.09 
1 43 14 3.07 49.47 < 0.001 
1+ 40 38 1.05 0.05 0.82 
2 78 72 1.08 0.24 0.62 
2+ 38 42 0.90 0.20 0.65 
3 34 49 0.69 1.99 0.16 
3+ 15 26 0.58 2.95 0.09 
4 10 21 0.48 3.90 0.048 
4+ 5 25 0.20 13.33 < 0.001 
5 6 15 0.40 3.86 0.049 
5+ 2 14 0.14 9.00 < 0.001 
Total 286 323 0.89 2.25 0.13 
 
 
Chi-squared tests showed that similar numbers of male and female fish were present in the 
younger ages classes below 4 years of age, with the exception of the 1-group fish (P < 0.001) 
but significantly more female fish were present in the four and five year old groups (all p < 
0.05) (Table 2.17). Overall, the numbers of male and female fish (286 males vs. 323 females) 
was not significantly different from a 50:50 ratio (p = 0.13) (Table 2.17). 
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Figure 2.23. Age-frequency distributions for Liza abu, from three locations in Central Iraq (Al-
Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. Data are 
for all months combined and are presented for (a) males, (b) females and (c) both sexes 
combined. The sample sizes are indicated on each plot. 
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     The age frequency distributions for Liza abu caught in the monthly samples from Al-Najaf, 
Babylon and Karbala are presented in Figures 2.24 to 2.26 and the age frequency distributions 
for each site with all months combined are presented in Figures 2.27 to 2.29 and Table 2.18 
respectively. Fish were collected from Al-Najaf for 7 of the 13 samples and Figure 2.24 shows 
that a wider range of age classes was present in the catch during the late spring and summer 
months (April-June) compared to samples collected at other times of the year. For example, 
5 age classes (1 to 5) of males and females were present in the June 2015 sample. A similar 
pattern was observed for Liza abu samples collected from Babylon (Figure 2.25) Karbala 
(Figure 2.26) with a wider age range of male and female fish, i.e. 5 age classes, present in the 
August 2015 sample from Karbala and the October 2014 sample from Babylon (Figure 2.25) 
compared to samples collected at other times of the year. During the winter, at all the sites, 
there was a trend for  only one or two age classes, mainly one year old and two year old fish,  
to be present in the sample (Figures 2.24 to 2.26). 
     The age-frequency data for all monthly samples from a site were combined in order to 
compare the overall age distributions between the three sites (in Figures 2.27 to 2.29 and 
Table 2.18). For male abu mullet, the two year old age groups (i.e. 2 and 2+ fish combined) 
were the dominant age classes in Babylon (Figure 2.28) and Karbala (Figure 2.29) accounting 
for 44.7% and 56.9% of male fish respectively (Table 2.19). Two year old fish were also a major 
component of the male fish collected form Al-Najaf (Figure 2.27) accounting for 31% of the 
fish but one year old fish (i.e. 1 and 1+ groups) were the dominant age class at this location 
accounting for 38.6% of the fish sampled (Table 2.18). For female abu mullet collected from 
the three locations, the dominant age classes were the two year old (2 and 2+) and three year 
old (3 and 3+) age groups which comprised of 33.3% and 20.1% of the female fish from Al-
Najaf (Figure 2.27), 35.1% and 31.1% of the female fish from Babylon (Figure 2.28) and 38.9% 
and 22.2% of the female fish from Karbala (Figure 2.29) respectively (Table 2.18). In addition, 
one year old fish (1 and 1+ groups) accounted for 26.4% of the female fish from AL-Najaf 
(Figure 3.18; Table 2.18).  
     Since the number of fish in some of the age groups were too small for Chi-square analysis 
(i.e. expected frequencies were ≤ 5), the two age groups in each age class (1-group and 1+-
group etc) were combined in order to examine whether the number of male and female abu  
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Figure 2.24. Monthly Age-frequency distribution for Liza abu, from Al-Najaf in Central Iraq sampled between October 2014 and November 2015. 
Data are presented for (a) males (blue bars) and (b) females (red bars). The sample sizes are indicated on each plot.
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Figure 2.25. Monthly Age-frequency distribution for Liza abu, from Babylon in Central Iraq 
sampled between October 2014 and November 2015. Data are presented for (a) males (blue 
bars) and (b) females (red bars). The sample sizes are indicated on each plot. 
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Figure 2.26. Monthly Age-frequency distribution for abu mullet, from Karbala in Central Iraq 
sampled between October 2014 and November 2015. Data are presented for (a) males (blue 
bars) and (b) females (red bars). The sample sizes are indicated on each plot. 
 
 
  
Chapter 2: Population biology of the abu mullet  
 
82 
 
 
  
Figure 2.27. Age-frequency distributions for Liza abu, from Al-Najaf in Central Iraq sampled 
between October 2014 and November 2015. Data are for all months combined and presented 
for (a) males, (b) females and (c) both sexes combined. The sample sizes are indicated on each 
plot.  
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Figure 2.28. Age-frequency distributions for Liza abu, from Babylon in Central Iraq sampled 
between October 2014 and November 2015. Data are for all months combined and presented 
for (a) males, (b) females and (c) both sexes combined. The sample sizes are indicated on each 
plot.  
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Figure 2.29. Age-frequency distributions for Liza abu, from Karbala in Central Iraq sampled 
between October 2014 and November 2015. Data are for all months combined and presented 
for (a) males, (b) females and (c) both sexes combined. The sample sizes are indicated on each 
plot.  
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Table 2.18. Age-frequency distributions within 15 mm Total Length (mm) classes for Liza abu 
from Al-Najaf, Babylon and Karbala in Central Iraq. The X2 test compares the number of male 
and female fish in each size class against an expected 50:50 distribution. [Note: some age 
classes are combined for the χ2 test to generate an expected frequency of > 5]. 
 
Age  
Class 
Location Male Female Χ2 p 
 
0+ 
Al-Najaf 
Babylon 
Karbala 
14 
1 
0 
7 
0 
0 
2.33 
-b 
-b 
0.13a 
-b 
-b 
 
1 
Al-Najaf 
Babylon 
Karbala 
30 
8 
5 
15 
2 
0 
- 
- 
- 
- 
- 
- 
 
1+ 
Al-Najaf 
Babylon 
Karbala 
26 
9 
5 
27 
5 
3 
2.00a 
4.17a 
3.23a 
0.16a 
0.04 
0.05a 
 
2 
Al-Najaf 
Babylon 
Karbala 
35 
13 
30 
37 
16 
24 
- 
- 
- 
- 
- 
- 
 
2+ 
Al-Najaf 
Babylon 
Karbala 
10 
21 
7 
16 
10 
11 
0.65a 
1.07a 
0.07a 
0.42a 
0.30a 
0.79a 
 
3 
Al-Najaf 
Babylon 
Karbala 
20 
6 
8 
21 
15 
13 
- 
- 
- 
- 
- 
- 
 
3+ 
Al-Najaf 
Babylon 
Karbala 
5 
6 
4 
11 
8 
7 
0.86a 
6.43a 
2.00a 
0.35a 
0.01a 
0.16a 
 
4 
Al-Najaf 
Babylon 
Karbala 
2 
3 
5 
4 
6 
11 
- 
- 
- 
- 
- 
- 
 
4+ 
Al-Najaf 
Babylon 
Karbala 
2 
3 
0 
13 
6 
6 
8.05a 
2.00a 
6.55a 
0.005a 
0.16a 
0.01a 
 
5 
 
Al-Najaf 
Babylon 
Karbala 
1 
4 
1 
4 
3 
8 
- 
- 
- 
- 
- 
- 
 
5+ 
Al-Najaf 
Babylon 
Karbala 
0 
2 
0 
4 
3 
7 
-b 
0a 
12.25a 
-b 
1.00a 
< 0.001a 
 
a = test based on sample sizes including both age classes (e.g. 1 and 1+) within a cohort 
b = sample size too small to calculate χ2 test statistic 
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mullet differed from a 50:50 expectation in each age class. The results of the Chi-square 
analysis are presented in Table 2.18 and the patterns observed at the three locations followed 
the same general pattern as observed for the data set as a whole (Table 2.17) with more male 
fish present in the one year old groups and more female fish present in the four and five year 
old age groups (Table 2.18).  
 
2.3.6 Sex Ratio 
In sections 3.3.1 and sections 3.3.5 the numbers of males and females in each 15 mm Total 
Length class (Table 2.6) and age group (Table 2.17) are presented. From these data the male 
: female sex ratio in each length class and age group can be calculated. In addition, the male 
: female sex ratio in each monthly sample was calculated and is presented in Figure 2.30 and 
Table 2.19. Sex ratios in each 15 mm Total length class ranged between 0.22 to 10.0 with 
males dominating the size classes < 130 mm TL (sex ratios between 1.64 and 10.0) and females 
dominating the size classes >161 mm TL (sex ratios between 0.22 and 0.70) and sex ratios that 
were not significantly different from 1 in the 131-145 and 166-160 mm TL length classes 
(Table 2.6). Sex ratios in the different age groups ranged between 0.14 and 3.07 with 
significantly more males in the 1-group (sex ratio of 3.07) and females dominating the 4 to 5+ 
age groups (sex ratios of  0.20 to 0.14) (Table 2.17). Sex ratios in the 1+ to 3+ age groups were 
not significantly different from 1 (Table 2.17). Finally, male to female sex ratios were 
calculated for the monthly samples and were found to vary between 0.41 (Mar 2015) and 
2.33 (November 2015) (Figure 2.30, Table 2.19). However, male : female sex ratios were not 
significantly different from 1 for the majority of the monthly samples (11/13 samples) with 
only the March 2015 sample having a sex ratio significantly different from 1 (p < 0.001) with 
the sex ratio in November 2015 showing a non-significant trend (p = 0.07) (Table 2.19). 
Overall, the numbers of male and female fish (286 males vs. 323 females) in the overall study 
sample was not significantly different from a 50:50 ratio (p = 0.13) X2 test (Table 2.19). 
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Figure 2.30. The numbers of male and female Liza abu, sampled from three locations in Central Iraq (Al-Najaf, Babylon and Karbala) between 
October 2014 and November 2015.
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Table 2.19. Age-frequency distributions within 15 mm Total Length (mm) classes for Liza abu 
from Al-Najaf, Babylon and Karbala in Central Iraq. The X2 test compares the number of male 
and female fish in each size class against an expected 50:50 distribution. [Note: some age 
classes are combined for the χ2 test to generate an expected frequency of > 5]. 
 
 
Month Male Female Sex ratio Χ2 p 
Oct 2014 
Babylon 
23 27 0.85 0.32 0.57 
Nov 2014 
Al-Najaf 
22 28 0.79 0.72 0.40 
Dec 2014 
Karbala 
24 26 0.92 0.08 0.78 
Jan 2015 
Babylon 
30 20 1.50 2.00 0.16 
Feb 2015 
Al-Najaf 
27 23 1.17 0.32 0.57 
Mar 2015 
Karbala 
16 39 0.41 9.62 0.002 
Apr 2015 
Al-Najaf 
26 25 1.04 0.08 0.78 
May 2015 
Al-Najaf 
20 31 0.65 2.37 0.12 
June 2015 
Al-Najaf 
27 35 0.77 1.03 0.40 
July 2015 
Babylon 
23 27 0.85 0.32 0.57 
Aug 2015 
Karbala 
25 25 1.00 0 1.00 
Sept 2-15 
Al-Najaf 
9 11 0.82 0.20 0.65 
Nov 2015 
Al-Najaf 
14 6 2.33 3.20 0.07 
Combined 
 
286 323 0.89 2.25 0.13 
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2.3.7 Growth 
Length-frequency plots showing the increase in size of Liza abu with increasing age group are 
presented in Figures 2.31 and 2.32. Von Bertalanffy growth curves (VBGC) were constructed 
for male and female abu mullet and for both sexes combined and the constants derived from 
the Von Bertalanffy model are presented in Table 2.20. The asymptotic growth curves for abu 
mullet from each location (i.e. males and females combined) are shown in Figure 2.33. The 
growth analysis indicated that female abu mullet grow to a larger size with the theoretical 
maximum sizes (L∞; cm) ranging between 20.8 cm and 25.9cm for males and 24.8 cm and 26.7 
cm for females respectively for the three locations (Table 2.20). Female abu mullet also 
exhibited lower growth constants compared to males with growth coefficients (k; year-1) 
ranging between 0.18 and 0.26 year-1 compared to  0.18 and 0.43 year-1 for males (Table 2.20). 
For both males and females, to values (the theoretical age at zero length; years) were large 
ranging between -0.94 and -2.68 for males and – 1.52 and – 2.72 for females (Table 2.20). 
 
Table 2.20. Summary table presenting the Von Bertalanffy growth constants and phi prime 
value (Ø’) for Liza abu, from three locations in Central Iraq (Al-Najaf, Babylon and Karbala) 
sampled between October 2014 and November 2015. The constants are the theoretical 
maximum size (L∞. cm), the rate at which the maximum size is attained (k, year-1) and the 
theoretical age at zero length (to, years). Constants are presented describing the growth 
curves for males and females separately and for males and females combined.   
Location Sex N L∞ (cm) K (year-1) to (years) r2 p Ø 
 
Al-Najaf 
Male 
Female  
Combined 
145 
159 
304 
20.8 ± 0.5 
24.8 ± 0.6 
23.3 ± 0.4 
0.43 ± 0.03 
0.26 ± 0.02 
0.31 ± 0.02 
-0.94 ± 0.08 
-1.52 ± 0.10 
-1.28 ± 0.06 
0.966 
0.979 
0.973 
< 0.001 
< 0.001 
< 0.001 
2.27 
2.20 
2.23 
 
Babylon 
Male 
Female 
Combined 
76 
74 
150 
24.8 ± 1.3 
26.7 ± 2.3 
24.6 ± 0.9 
0.26 ± 0.04 
0.18 ± 0.04 
0.25 ± 0.03 
-1.52 ± 0.24 
-2.48 ± 0.48 
-1.68 ± 0.20 
0.951 
0.952 
0.949 
< 0.001 
< 0.001 
< 0.001 
2.20 
2.11 
2.18 
 
Karbala 
Male 
Female 
Combined 
65 
90 
155 
25.9 ± 3.2 
26.1 ± 2.9 
26.0 ± 2.1 
0.18 ± 0.06 
0.18 ± 0.05 
0.18 ± 0.04 
-2.68 ± 0.59 
-2.72 ± 0.53 
-2.70 ± 0.39 
0.940 
0.932 
0.936 
< 0.001 
< 0.001 
< 0.001 
2.08 
2.09 
209 
 
Combined 
Male 
Female 
Combined 
286 
323 
609 
24.3 ± 1.7 
26.5 ± 2.0 
25.4 ± 1.1 
0.27 ± 0.04 
0.22 ± 0.04 
0.24 ± 0.03 
-1.41 ± 0.30 
-1.78 ± 0.37 
-1.57 ± 0.22 
0.940 
0.932 
0.936 
< 0.001 
< 0.001 
< 0.001 
2.20 
2.19 
2.19 
Ø’ = 2 Log10 L∞ + Log10 K (Pauly and Munro, 1984) 
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Figure 2.31. Length frequency distributions for different age groups (0+ to 5+) of male and 
female Liza abu from Al-Najaf and Babylon in Central Iraq sampled between October 2014 
and November 2015. 
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Figure 2.32. Length frequency distributions for different age groups (0+ to 5+) of male and 
female Liza abu from Karbala  in Central Iraq and for male and female fish from all three 
locations (Al-Najaf, Babylon and Karbala) combined. Fish were sampled between October 
2014 and November 2015. 
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Figure 2.33. Von Bertalanffy growth plots for Liza abu, from three locations in Central Iraq (Al-
Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. Data are 
presented for (a) Al-Najaf, (b) Babylon and (c) Karbala. 
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The growth curves presented in Figure 2.33 (together with the data presented in Table 2.18 
indicate the absence (Karbala) or low abundance (Al-Najaf, Babylon) or 0-group fish in the 
data set which may have influenced the calculation of the k and to constants for the growth 
curves.  
     In order to derive growth curves for Liza abu from the Euphrates River in Central Iraq, the 
size at age data from all three locations were combined to derive Von Bertalanffy growth 
curves for male and female fish and for both sexes combined and the output from the Von 
Bertalanffy model are presented in Table 2.20 and Figure 2.34 producing the following growth 
models: 
Male Fish:   Lt = 24.3(1 – e-0.27(t+1.41)) [r2 = 0.940, p < 0.001] 
Female Fish:   Lt = 26.5(1 – e-0.22(t+1.78)) [r2 = 0.932, p < 0.001] 
Combined data: Lt = 25.4(1 – e-0.24(t+1.57)) [r2 = 0.936, p < 0.001] 
 
Phi prime (Ø’) values were calculated from the k and L∞ values and ranged between 2.08 and 
2.27 for males and 2.09 and 2.20 for females with average Ø’ values of 2.09, 2.18 and 2.23 
respectively for Karbala, Babylon and Al-Najaf (Table 2.20). Overall, Ø’ value was 2.20 for male 
abu mullet, 2.19 for female abu mullet and 2.19 for both sexes combined (Table 2.20). 
 
2.3.8 Reproduction  
In order to determine the timing of the spawning season for Liza abu in central Iraq, the 
maturity status of the male and female fish in the monthly samples was determined in order 
to identify the months of the year when the gonads of the male and female abu mullet were 
in ripe condition. In addition, data on liver weight and gonad weight were combined to 
examine the annual changes in the hepatosomatic and gonadosomatic indices (HSI and GSI, 
%, respectively) and changes over time on HSI and GSI were then compared with the changes 
in maturity status over time to confirm the seasonal reproductive cycle for abu mullet in 
Central Iraq. 
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Figure 2.34. Von Bertalanffy growth plots for for Liza abu, from three locations in Central Iraq 
(Al-Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. Data 
are presented for (a) males, (b) females and (c) males and females combined. 
Chapter 2: Population biology of the abu mullet  
 
95 
 
Table 2.21. Monthly values for Hepatosomatic index (HSI, %) and Gonadosomatic Index (GSI, 
%) for male and female Liza abu from three locations in Central Iraq (Al-Najaf, Babylon and 
Karbala) sampled between October 2014 and November 2015. Difefreences in average HSI or 
GSI between males and females in any month are analysed using a two sample t-test, except 
* = Mann Whitney U test. 
 
Month Sex N HSI (%) P GSI (%) P 
Oct 2014 
Babylon 
Male 
Female 
23 
27 
0.80 ± 0.26 
0.88 ± 0.29 
0.31 1.57 ± 1.05 
1.98 ± 1.17 
0.20 
Nov 2014 
Al-Najaf 
Male 
Female 
22 
28 
0.99 ± 0.21 
0.91 ± 0.17 
0.16 1.63 ± 1.35 
3.10 ± 2.25 
0.10 
Dec 2014 
Karbala 
Male 
Female 
24 
26 
0.93 ± 0.16 
0.82 ± 0.11 
0.006 5.46 ± 1.31 
7.07 ± 1.55 
0.001 
Jan 2015 
Babylon 
Male 
Female 
30 
20 
0.52 ± 1.45 
0.57 ± 0.07 
0.063 3.06 ± 1.45 
3.36 ± 1.44 
0.39 
Feb 2015 
Al-Najaf 
Male 
Female 
27 
23 
0.51 ± 0.10 
0.54 ± 0.14 
0.21* 3.81 ± 1.63 
4.60 ± 1.41 
0.004 
Mar 2015 
Karbala 
Male 
Female 
16 
39 
0.51 ± 0.11 
0.45 ± 0.09 
0.033 7.57 ± 2.23 
6.94 ± 1.38 
0.48* 
Apr 2015 
Al-Najaf 
Male 
Female 
26 
25 
0.63 ± 0.29 
0.41 ± 0.06 
< 0.001* 7.58 ± 2.49 
10.36 ± 1.40 
< 0.001 
May 2015 
Al-Najaf 
Male 
Female 
20 
31 
0.64 ± 0.40 
0.69 ± 0.36 
0.30* 8.62 ± 4.41 
11.49 ± 3.92 
0.002 
June 2015 
Al-Najaf 
Male 
Female 
27 
35 
0.66 ± 0.24 
0.59 ± 0.22 
0.13* 7.49 ± 4.50 
6.13 ± 3.79 
0.08* 
July 2015 
Babylon 
Male 
Female 
23 
27 
0.79 ± 0.30 
0.62 ± 0.09 
0.012* 4.53 ± 4.39 
6.15 ± 3.93 
0.92* 
Aug 2015 
Karbala 
Male 
Female 
25 
25 
0.72 ± 0.13 
0.63 ± 0.11 
0.007 1.47 ± 0.79 
1.32 ± 4.02 
0.58 
Sept 2015 
Al-Najaf 
Male 
Female 
9 
11 
0.70 ± 0.09 
0.70 ± 0.11 
0.99 1.25 ± 0.53 
1.35 ± 3.98 
0.15 
Nov 2015 
Al-Najaf 
Male 
Female 
14 
6 
1.09 ± 0.29 
0.77 ± 0.13 
0.02 1.84 ± 0.75 
2.05 ± 0.26 
0.35 
 
     Changes in the average HSI over time are presented in Table 2.21 and Figure 2.35.  Mean 
monthly HSI values ranged from 0.51 % (March 2015) to 1.09 % (November 2015) of the total 
body weight for males and from 0.41 % (April 2015) to 0.91 % (November 2014) of the total 
body weight for females respectively (Table 2.21). In general, monthly HSI values tended to 
be higher for male abu mullet for most of the year (Figure 2.35) and were significantly higher 
for male fish in December 2014, April 2015, July and August 2015 and November 2015 (Table 
2.21) but no obvious pattern in seasonal changes in HSI between the sexes was apparent 
(Figure 2.35). Significant  differences  in  monthly  HSI  values  over  time  
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Figure 2.35. Monthly changes in Hepatosomatic Index (HSI, %) for male and female Liza abu from three locations in Central Iraq (Al-Najaf, 
Babylon, Karbala) sampled between October 2014 and November 2015. Data are presented as mean values ± SD. The spawning period 
(defined as time of year when gonad size/condition are greatest) is indicated by the horizontal red arrow. 
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Table 2.22. Results of post-hoc comparisons between months to determine where significant differences in arcsin-tranformed Hepatosomatic 
index (HSI) are reported for male Liza abu following a significant ANOVA. Comparisons were made using Tamhane’s T2 test. Significant 
differences (p < 0.05) are indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The months highlighted in 
green indicate the spawning period as determined from gonad size/condition.  
 
Month Oct. Nov. Dec. Jan. Feb. Mar. Apr May June July Aug. Sept. Oct. 
Oct.              
Nov.              
Dec.              
Jan.              
Feb.              
Mar.              
Apr.              
May               
June               
July              
Aug              
Sept.              
Nov              
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Table 2.23. Results of post-hoc comparisons between months to determine where significant differences in arcsin-tranformed Hepatosomatic 
index (HSI) are reported for female Liza abu following a significant ANOVA. Comparisons were made using Tamhane’s T2 test. Significant 
differences (p < 0.05) are indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The months highlighted in 
green indicate the spawning period as determined from gonad size/condition.  
 
Month Oct. Nov. Dec. Jan. Feb. Mar. Apr May June July Aug. Sept. Oct. 
Oct.              
Nov.              
Dec.              
Jan.              
Feb.              
Mar.              
Apr.              
May               
June               
July              
Aug              
Sept.              
Nov              
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were observed for both males (F12,273  = 14.93, p < 0.001) and females (F12,310  = 20.69, p < 
0.001). The plot of monthly HSI values over time in Figure 2.35 indicates that average liver 
size is largest for both sexes between October and December and lowest between January 
and April. Post-hoc comparisons of the HSI values for male and female Liza abu following the 
significant ANOVAs (Tables 2.22 and 2.23) indicated the following patterns. Firstly, the highest 
HSI values observed between October and December 2014 tended to be significantly higher 
(p ≤ 0.05) than the values observed for the other months sampled. For male fish, 17/30 
pairwise comparisons (i.e. 57%) which compared the months October – December 2014 with 
the other months sampled were significantly different (Table 2.22) and for females 22/30 
pairwise comparisons (i.e. 73%) which compared the months October – December 2014 with 
the other months sampled were significantly different (Table 2.23). Secondly, the lowest HSI 
values observed between January and April 2015 tended in be significantly lower (p ≤ 0.05) 
than the values observed for the other months sampled. For male fish, 24/33 pairwise 
comparisons (i.e. 73%) which compared the months January – March 2015 with the other 
months sampled were significantly different (Table 2.22) and for females 24/33 pairwise 
comparisons (i.e. 73%) which compared the months February – April 2015 with the other 
months sampled were significantly different (Table 2.23).  
     Changes in the average GSI over time are presented in Table 2.21 and Figure 2.36.  Mean 
monthly HSI values ranged from 1.25 % (September 2015) to 8.02 % (May 2015) of the total 
body weight for males and from 1.32 % (August 2015) to 11.49 % (May 2015) of the total body 
weight for females respectively (Table 2.12). In general, monthly GSI values tended to be 
higher for female abu mullet for most of the year (Figure 2.36) and were significantly higher 
for female fish in December 2014, February 2015, and April and May 2015 (Table 2.21) but no 
obvious pattern in seasonal changes in GSI between the sexes was apparent (Figure 2.36). 
Significant differences in monthly GSI values over time were observed for both male (F12,273  = 
22.21, p < 0.001) and female (F12,310  = 23.30, p < 0.001). The plot of monthly GSI values over 
time in Figure 2.36 indicates that average gonad size is largest for both sexes between March 
and June 2015 and lowest between August and November 2015. Post-hoc comparisons of the 
GSI values for male and female abu mullet following the significant ANOVAs (Tables 2.24 and 
2.26) indicated the following patterns. Firstly, the highest GSI values observed between 
March and June  2015 tended  to be significantly higher (p ≤ 0.05) than  the values  observed  
for  the  other  months  sampled. For  male fish,  25/42 pairwise  
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Figure 2.36. Monthly changes in Gonadosomatic Index (HSI, %) for male and female Liza abu from three locations in Central Iraq (Al-Najaf, 
Babylon, Karbala) sampled between October 2014 and November 2015. Data are presented as mean values ± SD. The horizontal red arrow 
indicates the spawning period (defined as time of year when gonad size/condition are greatest).
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Table 2.24. Results of post-hoc comparisons between months to determine where significant differences in arcsin-tranformed Gonadosomatic 
index (GSI) are reported for male Liza abu following a significant ANOVA. Comparisons were made using Tamhane’s T2 test. Significant 
differences (p < 0.05) are indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The months highlighted in 
green indicate the spawning period as determined from gonad size/condition.  
 
Month Oct. Nov. Dec. Jan. Feb. Mar. Apr May June July Aug. Sept. Oct. 
Oct.              
Nov.              
Dec.              
Jan.              
Feb.              
Mar.              
Apr.              
May               
June               
July              
Aug              
Sept.              
Nov              
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Table 2.25. Results of post-hoc comparisons between months to determine where significant differences in arcsin-tranformed Gonadosomatic 
index (GSI) are reported for female Liza abu following a significant ANOVA. Comparisons were made using Tamhane’s T2 test. Significant 
differences (p < 0.05) are indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The months highlighted in 
green indicate the spawning period as determined from gonad size/condition.  
 
Month Oct. Nov. Dec. Jan. Feb. Mar. Apr May June July Aug. Sept. Oct. 
Oct.              
Nov.              
Dec.              
Jan.              
Feb.              
Mar.              
Apr.              
May               
June               
July              
Aug              
Sept.              
Nov              
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pairwise comparisons (i.e. 60%) which compared the months March – June 2015 with the 
other months sampled were significantly different (Table 2.24) and for females 30/42 
pairwise comparisons (i.e. 71%) which compared the months March – June 2015 with the 
other months sampled were significantly different (Table 2.25). Secondly, the lowest GSI 
values observed between August and November 2015 tended in be significantly lower (p ≤ 
0.05, using Tamhane’s T2 test) than the values observed at other times of the year. For both 
male and female fish, 24/30 pairwise comparisons (i.e. 80%) which compared the months 
August and November 2015 with the other months sampled were significantly different 
(Tables 2.24 and 2.25).  
     In the present study, six stages of gonadal sexual maturity (see Tables 2.3 and 2.4) were 
identified in male and female abu mullet sampled from central Iraq: 
Stage I – Immature 
Stage II – Developing  
Stage III – Maturing 
Stage IV – Ripe 
Stage V – Spent  
Stage VI – Recovering/Resting  
For both sexes an annual progression the through stages of developing and maturing gonads 
to the ripe stage and then to the spent and recovering/resting stages was apparent (Figure 
2.37). For female abu mullet, small immature fish were observed in some monthly samples 
but amongst the larger fish, developing fish were observed between November 2014 and 
February 2015, accounting for > 60 % of fish sampled in most of these months (Figure 2.37a). 
Maturing fish were observed between December 2014 and May 2015 but tended to decrease 
as a percentage of the fish sampled in April and May 2015 (Figure 2.37a). Ripe female abu 
mullet were observed between March 2015 and July 2015 and dominated the monthly 
samples for April and May 2015 (80 % and 65 % of the fish sampled respectively) whilst spent 
fish dominated the June 2015 sample (63 % of fish sampled) and recovering fish were the 
dominant maturity stage observed between late summer and the winter months (i.e. July to 
November) (i.e. 78 – 100 % of fish sampled; Figure 2.37a). A similar maturity pattern was 
observed for male abu mullet. Small immature fish were observed in some monthly samples 
but amongst the larger fish, developing fish were observed between November 2014 and 
February 2015, accounting for > 60 % of fish sampled in most of these months (Figure 2.37b). 
Maturing fish were observed between December 2014 and May 2015 but only dominated the 
sample in March and April 2015 (75 % and 62 % of the fish 
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Figure 2.37.  Monthly changes in maturity status (Immature, Developing, Maturing, Ripe, 
Spent and Recovering) for (a) female and (b) male Liza abu from three locations in Central 
Iraq (Al-Najaf, Babylon, Karbala) sampled between October 2014 and November 2015.  
Samples sizes are indicated on the top of the bar for each month and the percentage 
occurrence of each maturity stage are indicated by the numbers within the bar for each 
month.
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sampled respectively) tending to comprise a smaller percentage (i.e. 11 – 33 %) over the 
winter (Figure 2.37b). Ripe male abu mullet were observed between March 2015 and June 
2015 but were not the dominant maturity stage in any monthly sample comprising a 
maximum of 48 % of male fish sampled in June 2015 with spent fish being the dominant 
maturity stage in this month (Figure 2.37b). Recovering males were observed in the samples 
from July onwards and was the dominant maturity stage observed in the latter months of the 
year (i.e. usually 100 % of fish sampled; Figure 2.37b). The results clearly indicate that the 
timing of spawning season for abu mullet in Central Iraq is between March and July with peak 
spawning occurring in April/May. Analysis of the monthly changes in HSI and GSI values 
indicate that following the spawning period, the liver increases in size reaching peak HSI 
values between October and December whilst GSI values indicate that the gonads reach 
maximum size between March and June leading to peak spawning condition in April and May 
(Figures 2.35 – 2.37).  
 
2.3.9 Fecundity  
The fecundity of 14 Stage V (ripe) Liza abu ranging from 14.3 from 21.1 cm TL in size was 
assessed and the data are presented in Table 2.26. The number of eggs produced per gramme 
of gonad tissue ranged from 390 – 3310 eggs depending on fish size producing absolute 
fecundity values of between 1575 eggs and 40372 eggs per fish (Table 2.26). The average 
relative fecundity for the 14 female abu mullet was 192 eggs g-1 Total Weight, however, the 
relationship between Total Weight and fecundity (Figure 2.38) was best described by the 
following power function: 
 F = 0.0006TW3.84 (r2 = 0.989, n = 14, p < 0.001) 
where F is absolute fecundity (number of eggs) and TW is total Weight (g). 
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Figure 2.38. Absolute Fecundity-Weight relationship for female Liza abu from Central  
                       Iraq. 
 
Chapter 2: Population biology of the abu mullet  
 
107 
 
Table 2.26. Fecundity of Stage V (ripe) female Liza abu, sampled from Central Iraq. Data are presented Total length (TL, mm), Total Weight 
(TW, g), Gonad Weight (GW, g) and age (years) for 14 female fish together with their relative fecundity (number of eggs per 100 mg gonad 
subsample, per g gonad and per g TW) and absolute fecundity (Total number of eggs).  
 
 
Fish 
TL  
(mm) 
TW  
(g) 
GW  
(g) 
Age 
(years) 
Eggs 100 mg-1 
subsample 
Eggs g-1 
gonad 
Total 
Fecundity 
Eggs/g-1 TW 
1 143 45.30 4.04 1+ 39 ± 2.2 390 1575 34.8 
2 146 53.72 4.21 2 55 ± 8.9 550 2316 43.1 
3 160 62.70 6.44 2+ 79 ± 3.6 790 5084 81.1 
4 167 66.98 7.31 3 82 ± 3.1 820 5990 89.4 
5 173 69.96 9.45 3 95 ± 3.6 950 8976 128.3 
6 175 75.91 9.83 3+ 99 ± 2.2 990 9729 128.3 
7 182 83.34 10.14 3+ 123 ± 1.3 1230 12475 149.7 
8 190 86.91 10.70 4 137 ± 6.0 1370 14660 168.7 
9 198 94.38 11.76 4+ 197 ± 6.5 1970 23173 245.6 
10 200 95.18 12.02 4+ 218 ± 5.0 2180 26206 275.3 
11 203 97.01 12.43 4+ 232 ± 3.1 2320 28840 297.3 
12 208 101.20 12.56 5 268 ± 4.5 2680 33650 332.5 
13 210 106.39 12.65 5 287 ± 6.5 2870 36317 341.5 
14 211 108.83 12.20 5+ 331 ± 5.5 3310 40372 371 
Average 183 ± 23 81.98 ± 19.98 9.70 ± 3.04 3+ 160 ± 94.1 1601 ± 941 17812 ± 13331 191.9 ± 116.1 
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2.3.10 Food and feeding 
The feeding activity of Liza abu in Centeral Iraq varied over months (Table 2.27) with 
differences between months in the percentage of fish with food items in the stomach (Figure 
2.39) and in the average stomach fullness (Figure 2.40). The majority of male and female fish 
had food items in their guts in most months except during June when 53% of the fish sampled 
(males and females combined) had empty stomachs (Table 2.27). Throughout the rest of the 
sampling period, on average 86 ± 13 % of the fish (males and females combined) sampled had 
food  
 
Table 2.27. Monthly changes in feeding activity of male and female Liza abu from three 
locations in Central Iraq (Al-Najaf, Babylon and Karbala) sampled between October 2014 and 
November 2015. Feeding activity is presented as the number and percentage of fish with food 
items present in the gut and the average gut fullness (%).  
 
Month 
 
Sex N Guts with  
food (N) 
% of guts  
with food 
Average fullness 
(%) 
Oct.2014  
Babylon 
Male 
Female 
23 
27 
23 
27 
100 
100 
31.3 
50.4 
Nov.14       
Al-Najaf 
Male 
Female 
22 
28 
18 
24 
82 
86 
22.0 
9.3 
Dec.14  
Karbala 
Male 
Female 
24 
26 
18 
18 
75 
69 
8.3 
7.0 
Jan.15   
Babylon 
Male 
Female 
30 
20 
17 
17 
57 
85 
13.5 
21.3 
Feb.15        
Al-Najaf 
Male 
Female 
27 
23 
20 
19 
74 
83 
27.0 
20.0 
Mar.15 
Karbala 
Male 
Female 
16 
39 
11 
33 
69 
85 
18.1 
31.9 
Apr.15     
  Al-Najaf 
Male 
Female 
26 
25 
26 
25 
100 
100 
30.0 
42.4 
May.15         Al-
Najaf 
Male 
Female 
20 
31 
11 
22 
55 
71 
11.5 
17.9 
Jun.15           
Al-Najaf 
Male 
Female 
27 
35 
9 
20 
33 
57 
8.7 
11.9 
Jul.15  Babylon Male 
Female 
23 
27 
20 
25 
87 
93 
16.1 
21.5 
Aug.15  
Karbala 
Male 
Female 
25 
25 
22 
24 
88 
96 
18.4 
29.0 
Sep.15            
Al-Najaf 
Male 
Female 
9 
11 
9 
11 
100 
100 
50.0 
50.0 
Nov.15         Al-
Najaf 
Male 
Female 
14 
6 
14 
6 
100 
100 
17.5 
22.5 
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Figure 2.39. Monthly changes in feeding activity, expressed as the percentage of fish with 
food items present in the gut, for male and female Liza abu from three locations in Central 
Iraq (Al-Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. 
The spawning period (defined as time of year when gonad size/condition are greatest) is 
indicated by the horizontal red arrow. 
 
Figure 2.40. Monthly changes in gut fullness (%) for male and female Liza abu from three 
locations in Central Iraq (Al-Najaf, Babylon and Karbala) sampled between October 2014 
 and November 2015. The spawning period (defined as time of year when gonad 
size/condition are greatest) is indicated by the horizontal red arrow. 
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items in their guts with monthly feeding activity values ranging between 65 and 100% (males 
and females combined). For those fish with food items in the guts, average gut fullness was 
calculated (Table 2.27) and monthly changes in gut fullness are presented in Figure 2.40. 
Average gut fullness (males and females combined) peaked in April (36.3 %) and September 
(50 %), immediately before and after the spawning season (see section 2.3.8) with gut fullness 
tending to be lowest in December (7.7%) and May/June (14.7/10.3 %). Overall, feeding 
activity, in terms of the percentage of fish with food items in the gut and in average gut 
fullness tended to be higher in female fish compared to male fish (Figures 2.39 and 2.40). 
     Gut contents analyses were conducted by month, by location and for all data combined to 
examine the relative contribution of each food item in terms of how many abu mullet had 
consumed this item (% occurrence, %O), the proportion (by volume) of gut contents 
comprised by this item, expressed using the points system (P%), and the overall relative 
importance of each food item, expressed using the Index of Preponderance (IP). The results 
are presented by month in Tables 2.28-2.29 and Figure 2.41, by location in Table 2.30a and 
for all data combined in Table 2.30b. These data indicate that the most commonly eaten items 
that could be identified each month, expressed as %O, were algae/plants, organic matter and 
sand (note: sand is consumed during the process of feeding on other items, notably diatoms). 
These gut items were the most commonly reported items in each month (Table 2.28), at all 
three locations (Table 2.30a) and on average, these gut items were present in 32.5 % 
(algae/plants), 56 % (organic matter) and 48.8 % (sand) of the fish examined (Table 2.30b). 
The presence of zooplankton and diatoms in the gut varied over time with more fish 
containing zooplankton in their guts in March - August (21.7 %) compared to the rest of the 
year (12.2 %) and more fish containing diatoms in their guts in May - November (26.7 %) 
compared to the rest of year (16.8 %) (Table 2.28). However, digested food items that could 
not be accurately identified were present in a large percentage of fish each month (15 - 31 
%O; Table 2.28). Insects were only found in a few abu mullet, with %O values of 0 - 2.5% per 
month (Table 2.28) and an average %O value of 0.8% (Table 2.30b). Examination of the food 
items by volume as a percentage of the total gut contents (P%) showed the same patterns as 
observed for %O with algae/plants, organic matter and sand comprising the majority of the 
stomach contents by month (Table 2.29), at all three locations (Table 2.30a; Figure 2.41) and 
on average, these gut items comprised 19.0 % (algae/plants), 21.4 % (organic matter) 
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Table 2.28. Monthly changes in gut contents, expressed as % occurrence (% of fish with a given item in the gut, O%), of Liza abu from three 
locations in Central Iraq (Al-Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. 
 
Month/ 
Location 
Oct.2014 
Babylon 
Nov.14 
Al-Najaf 
Dec.14 
Karbala 
Jan.15 
Babylon 
Feb.15 
Al-Najaf 
Mar.15 
Karbala 
Apr.15 
Al-Najaf 
May.15 
Al-Najaf 
Jun.15 
Al-Najaf 
Jul.15 
Babylon 
Aug.15 
Karbala 
Sep.15 
Al-Najaf 
Nov.15 
Al-Najaf 
 
Gut contents 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
 
%O 
Algae &  
plants 
35.0 36.0 33.0 30.0 27.0 29.0 35.0 33.5 31.0 35.0 38.5 30.0 29.0 
Diatoms 
 
18.0 17.0 15.6 17.0 16.5 16.0 18.0 22.5 26.0 31.5 30.5 26.6 23.0 
Zooplankton 
 
15.0 10.0 12.5 11.5 11.5 26.5 19.5 21.0 20.5 23.0 19.5 13.5 11.5 
Organic  
material 
38.0 40.5 35.5 34.0 55.0 65.0 56.0 71.0 85.0 87.0 55.0 70.0 37.0 
Digested  
food 
31.0 18.0 30.0 20.0 19.0 22.0 19.0 23.0 22.0 18.0 19.0 15.0 18.0 
Insects 
 
2.5 0.5 0.5 0 0 2.0 0.5 0.5 2.0 2.0 2.5 0.5 1.0 
Sand 
 
55.0 45.0 45.0 50.0 45.0 55.0 65.0 55.0 40.0 40.0 55.0 45.0 40.0 
Others 
 
5.0 6.5 5.0 6.0 7.0 5.5 3.5 2.0 3.0 2.0 3.0 5.0 7.0 
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Table 2.29. Monthly changes in gut contents, expressed using the Points (volumetric) method (% P) of Liza abu from three locations in Central 
Iraq (Al-Najaf, Babylon and Karbala) sampled between October 2014 and November 2015. 
 
Month/ 
Location 
Oct.2014 
Babylon 
Nov.14 
Al-Najaf 
Dec.14 
Karbala 
Jan.15 
Babylon 
Feb.15 
Al-Najaf 
Mar.15 
Karbala 
Apr.15 
Al-Najaf 
May.15 
Al-Najaf 
Jun.15 
Al-Najaf 
Jul.15 
Babylon 
Aug.15 
Karbala 
Sep.15 
Al-Najaf 
Nov.15 
Al-Najaf 
Gut contents % P % P % P % P % P % P % P % P % P % P % P % P % P 
 
Algae &  
plants 
18.5 17.5 19.0 18.0 17.5 19.5 21.5 22.0 18.5 18.5 19.5 17.0 20.5 
Diatoms 
 
12.5 8.5 13.0 11.5 9.5 12.0 13.5 12.5 11.0 10.0 7.5 8.5 9.0 
Zooplankton 
 
6.5 5.0 4.5 2.0 3.0 7.5 9.0 8.0 7.0 8.5 8.5 7.0 5.5 
Organic  
material 
20.0 21.0 19.5 20.5 18.5 19.5 23.0 22.0 21.5 26.0 21.0 23.0 22.5 
Digested  
food 
15.5 16.0 14.5 17.5 16.0 12.5 9.5 11.5 16.0 12.0 14.5 13.0 15.0 
Insects  
 
2.0 1.0 1.0 0 0 2.0 4.0 3.5 5.0 5.5 3.0 1.0 2.0 
Sand 
 
23.0 26.0 24.0 25.0 29.5 22.0 18.0 19.5 20.0 17.0 23.0 26.0 21.5 
Others 
 
2.0 5.0 4.5 5.5 6.0 5.0 1.5 1.0 1.0 2.5 3.0 4.5 4.0 
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Figure 2.41. The variations in food items in the gut of Liza abu in three study locations on the 
Euphrates River in Central Iraq using the Points (Volumetric) (P%) method.  
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and 22.7 % (sand) of the gut contents, and 63.1 % in total (Table 2.30b). When expressed by 
volume, the gut content data indicated both zooplankton and diatoms did not exhibit any 
seasonality in their contribution to gut contents, with the exception of a smaller volume of 
zooplankton in the guts in January - February (Table 2.29). Each month, digested food items 
that could not be accurately identified accounted for between 9.5 and 17.5  % of the gut 
contents (Table 2.29) and accounted for 14.1 % for all data combined (Table 2.30b). By 
volume, insects comprised a very small percentage of the gut contents of abu mullet 
 
Table 2.30. The variations in Gut contents of Liza abu in all study locations by Frequency of 
Occurrence (%O), Points (Volumetric) (%P) and Index of preponderance (% IP) method. 
A) 
Location Babylon Karbala Al-Najaf 
Gut contents %O %P %IP %O %P %IP %O %P %IP 
Algae & plants 33.3 22.2 17.3 33.5 20.0 18.1 31.6 21.6 16.9 
Diatoms 22.2 11.3 7.1 20.7 10.8 6.3 21.4 10.4 6.2 
zooplankton 16.5 5.7 2.6 19.5 6.8 3.7 15.4 6.4 2.7 
Organic material 53.0 18.3 33.2 51.8 19.3 28.9 59.2 19.2 35.7 
Digested food 23.0 15.0 9.7 23.7 13.8 9.1 19.1 13.9 7.4 
Insects 1.5 2.5 0.1 1.5 2.0 0.1 0.14 2.4 0.01 
Sands 48.3 21.7 29.6 51.7 23.0 33.2 47.9 22.9 30.6 
Others 4.0 3.3 0.4 4.5 4.2 0.5 4.9 3.3 0.4 
B) 
Location All fish < 150 mm TL > 150 mm TL 
Gut contents %O %P %IP %O %P %IP %O %P %IP 
Algae & plants 32.5 19.0 17.3 20.0 16.5 14.3 45.0 19.6 25.2 
Diatoms 21.4 10.7 6.4 50.0 12.2 26.5 10.0 8.6 2.5 
zooplankton 16.6 6.3 2.9 40.0 6.8 11.8 5.0 5.2 0.7 
Organic material 56.0 21.4 33.6 22.0 22.3 21.3 55.0 22.6 35.5 
Digested food 21.0 14.1 8.3 10.0 14.3 6.2 20.0 15.9 9.1 
Insects 0.8 2.3 0.05 1.0 3.0 0.1 1.5 1.2 0.1 
Sands 48.8 22.7 31.0 20.0 22.6 19.6 40.0 23.3 26.7 
Others 4.6 3.5 0.4 1.0 2.3 0.1 3.0 3.6 0.3 
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that had consumed them, with P% values of 0 - 5.5% per month, although more insects were 
between April and July (Table 2.28) and overall the average P% value for insects was 2.3% 
(Table 2.30b). 
     The relative importance of each food item to the diet of Liza abu in central Iraq was 
assessed using the Index of Preponderance (IP). IP values for each food item are presented by 
location in Table 2.31a and for all data combined in Table 2.30b. These data indicate that sand 
and organic material were the major components of the gut contents followed by 
algae/plants with average IP values of 33.6, 31.0 and 17.3 respectively (Table 2.30b). The 
relative importance of diatoms and zooplankton was less with average IP values of 6.4 and 2.9 
respectively and the relative importance of insects was negligible at 0.05 (Table 2.30b).     
     When examined separately for small (< 150 mm TL) and large (> 150 mm TL) Liza abu, the 
gut content data suggest a switch in diet as fish increase in size (Table 2.30b, Figure 2.42). In 
small abu mullet, diatoms and zooplankton were present in a greater percentage of fish with 
food items in the stomach (%O) compared to sand, organic matter and algae/plants whilst 
the opposite was the case for the larger abu mullet (Table 2.30b, Figure 2.42). However the 
contribution of each of these food items to gut volume (%P) was similar for small and large 
abu mullet (Table 2.30b, Figure 2.42). When the %O and P% were combined to calculate 
relative importance (IP), the most important gut items in small abu mullet were diatoms (IP = 
26.5), organic material (IP = 21.3) and sand (IP = 19.6) with algae/plants and zooplankton of 
less relative importance (IP = 14.3 and 11.8 respectively) (Table 2.30b, Figure 2.42). In 
contrast, diatoms and zooplankton were of much less relative importance (IP = 2.5 and 0.7 
respectively) in larger abu mullet with the most important gut items being organic material 
(IP = 35.5), sand l (IP = 26.7) and algae/plants (IP = 25.2) (Table 2.30b, Figure 2.42). Insects were 
of negligible importance in both small and large abu mullet (Table 2.30b, Figure 2.42). 
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Figure 2.42. The variations in Gut contents of Liza abu, a)Less than 150mm and b) 
Longer than 150mm, by Frequency of Occurrence (O %), Points (Volumetric) (P %) and 
Index of Preponderance (IP) method. 
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2.4 Discussion  
The results of this chapter present the most recent detailed assessment of the 
population biology of abu mullet, Liza abu, in central Iraq. Apart from the recent work 
on abu mullet in the Al-Hammar Marshes in southern Iraq (Mohamed, 2014; 
Mohamed et al., 2016), there have been no detailed published studies of population 
biology of Iraqi abu mullet since the work of Al-Asadiy et al. (2000) in Babylon, Central 
Iraq on fish collected between July 1995 and February 1996, and Al-Shawi and Wahab 
(2008) on abu mullet from the Al-Audaim river (Salah-alddin Province, N. Iraq) on fish 
collected between June 2004 and June 2005. In comparison, there have been several 
recent papers on Turkish abu mullet with work on populations in southern Turkey in 
the Atatürk Dam Reservoir (Doğu et al., 2013), Devegeçidi Dam lake (Elp and Kaya, 
2014) and Orontes River (Ay and Özcan, 2016). As Table 2.1 indicates, size structure, 
length-weight relationships, age structure and growth (determined from length at age 
growth curves) have been the aspects of population biology that have been well 
studied with data on mortality, reproduction and feeding being less well studied. Since 
the present study provides data on all of these parameters, with the exception of 
mortality rates which could not be determined due to the relatively small sample size, 
it provides the most detailed study of abu mullet since Al-Shawi and Wahab (2008) as 
the recent studies on Turkish abu mullet focused on size structure, length-weight 
relationships, age structure and growth and do not present data on reproduction or 
feeding (Table 2.1). In this Discussion section, the results of the present study on the 
population biology of abu mullet, Liza abu will be discussed with reference to earlier 
studies on the species and a more general and detailed discussion of the results of this 
chapter in comparison to other Mugilidae and with reference to teleost fish in general 
will be made in the General Discussion (Chapter 5).  
 
2.4.1 Size and age structure of Liza abu 
In the present study, fish collected from fishermen and the fish markets of Al-Najaf, 
Babylon and Karbala in central Iraq ranged between 0+ and 5+ years in age and 
between 85 and 220 mm total length (TL), however the majority of fish were between 
130 and 175 mm TL and between 1 and 3+ years old. These ranges are within the size 
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and age ranges reported for Liza abu in the literature (Table 2.31). For example, the 
populations of abu mullet studied to date have generally reported the presence of 4 
to 5 age classes, i.e. 0 to 4 (Ay and Özcan, 2016), 1 to 4 (Naama, 1982; Wahab, 1986; 
Ünlü et al., 2000; Elp and Kaya, 2014) or 1-5 years (Doğu et al., 2013; Mohamed, 2014), 
although Mhaisen and Yousif (1989) only reported 3 age classes (reported as 0+, 1+ 
and 2+ in their paper but likely to be 2+ to 4+ based on the reported TL values and 
reported as such here; Table 2.32). The widest age range reported for abu mullet is 
for 6 age classes, 1 to 6 years, reported by Khalaf et al. (1986) for abu mullet from the 
Diyal River, southern Iraq and by Mhaisen and Al-Jaffery (1989) and Al-Asadiy et al. 
(2000) for abu mullet from fish farms in Babylon, Central Iraq. In most studies, 0-group 
fish are not recorded presumably as they are too small to be caught by the nets used 
to collect the fish and so are not present in the data set, although they are present in 
the catches and reported in some studies (Ay and Özcan, 2016; this study). Taken 
together, research indicates that ‘generally it seems that Liza abu does not reach more 
than 6 years old’ (Al-Asadiy et al. 2000) with usually five (i.e. 0 to 4 years old) or six 
(i.e. 0 to 5 years old) age classes present in the population with a seventh age class 
(i.e. 6 years old) rarely present (Khalaf et al., 1986; Mhaisen and Al-Jaffery, 1989; Al-
Asadiy et al., 2000) (Tables 2.31 and 2.32). 
     The age range and maximum age reported for Liza abu (i.e. 6 years old) indicates 
that it is a relatively short-lived mugilid species. Examples of maximum published ages 
for other mullet species range from 4 years for keeled mullet Liza carinata (El-Ganainy 
et al., 2014), 6 years for leaping mullet Liza saliens (Cardona, 1999; Katselis et al., 
2002), 7 years for corsula Rhinomugil corsula (Kumar et al., 2014), 8 – 13 years for 
golden grey mullet Liza aurata (Hotos and Katselis, 2011; Kraljević et al., 2011), 10 
years for boxlip mullet Oedalechilus labeo (Matić-Skoko et al., 2012), 11 years for 
Mugil liza (Garbin et al., 2014), 4 – 30 years for white mullet Mugil curema (depending 
on population; Gallardo-Cabello et al., 2005) and 4 – 58 years for flathead mullet Mugil 
cephalus depending on population (Ibáñez-Aguirre et al., 1999).  
     In the present study, Liza abu were aged using scales (Figure 2.7). Previous studies 
have determined age in abu mullet using either scales (Mhaisen and Al-Jaffery, 1989; 
Mhaisen and Yousif, 1989; Al-Asadiy et al., 2000) or otoliths (Ünlü et al., 2000; Doğu 
et al., 2013; Elp and Kaya, 2014; Ay and Özcan, 2016) to age abu mullet with similar 
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age ranges being reported using both hard structures. In addition, Mohamed (2014) 
used modal progression analysis of the length-frequency distribution in his study to 
identify the presence of five age classes. In mugilid fishes, both scales (e.g. Abbas, 
2001; Kraïem et al., 2001; Gallardo-Cabello et al., 2005; Fazli et al., 2008) and otoliths 
(e.g. Samad and Abbas, 2000; Katselis et al., 2002; El-Ganainy et al., 2014; Garbin et 
al., 2014) have been used for ageing purposes and the suitability of both structures 
has been examined for several mugilid species e.g. flathead mullet M. cephalus and 
white mullet M. curema (Ibáñez-Aguirre and Gallardo-Cabello, 1996; Ibáñez-Aguirre 
et al., 1999) and thin-lip grey mullet Liza ramada (Snovsky and Shapiro, 2000). Such 
comparisons have been made for a range of teleost fish species, with some studies 
showing agreement in the ages obtained using scales and otoliths (e.g. Kruse et al., 
1993; Abecasis et al., 2008; Khan and Khan, 2009) whilst others show that scales can 
underestimate age (e.g. Skurdal et al., 1985; Robillard and Marsden, 1996; Ashford et 
al., 2001; Herbst and Marsden, 2011). In mugilids, the same uncertainty exists as 
Snovsky and Shapiro (2000) and Hsu and Tzeng (2009) report that both structures are 
suitable for ageing and provide consistent ages for the same fish, whilst Ibáñez-Aguirre 
and Gallardo-Cabello (1996) report that similar ages can be obtained using both 
structures but otoliths are preferable as a better fit to the growth model was obtained. 
However, there is a risk that scales may underestimate age, especially for older fish as 
shown for two mullet species; flathead mullet M. cephalus and the freshwater mullet, 
Myxus capensis (Smith and Deguara, 2003; Ellender et al., 2012). The suitability of 
ageing mullet using scales and otoliths to age abu mullet has not been examined, 
although the likelihood of underestimating age is low as it is a short-lived species 
(Table 2.31). Chapter 4 examines the suitability of using a range of hard structures 
(scales, vertebrae, opercular bone, jaw bone and vertebrae) to age abu mullet and 
thick-lip grey mullet Chelon labrosus. 
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Table 2.31.  A summary of the available data on the size and age of Liza abu. Data are presented for minimum and maximum Total Length (TL, 
mm), body weight (W, g) and age (A, years), together with the most common size and age classes (where data are presented in the original 
reference; missing data are indicated by the horizontal dash, -) 
 
TLMin TLMax Most 
common  
TL range 
WMIn WMax AMIn AMax Most 
common  
age range 
Country Location Reference 
85 211 116 – 175 13.0 93.4 0+ 5+ 1 – 3 Iraq (Central) Euphrates River, Al-
Najaf 
This Study 
85 220 131 – 190 15.5 105.9 0+ 5+ 2 – 3 Iraq (Central) Euphrates River, 
Babylon 
This Study 
125 218 131 - 175 21.9 109.9 1 5+ 2 - 3 Iraq (Central) Euphrates River, 
Karbala 
This study 
70 220 - - - 1 6 1 - 3 Iraq (Central) Fish Farm, Babylon Al Asadiy et al. (2000) 
105 201 - 14.3 100.0 1 6 2 - 4 Iraq (Central) Fish Farm, Babylon Mhaisen and Al-Jaffery 
(1989) 
30 270 - - - - - - Iraq (North) Al-Audaim River Al-Shawi and Wahab (2008) 
87 195  10 108 0+ 2+ - Iraq (South) Shatt Al-Arab River Mhaisen and Yousif (1989) 
- - - - - 1+ 4+ - Iraq (South) Al-Hammar Marsh Naama (1982) 
- - - - - 1+ 4+ - Iraq (South) Shatt Al-Basrah Canal Wahab (1986) 
- - - - - + 6+ - Iraq (South) Diyal River Khalaf et al. (1986) 
20 220 90 – 120 - - 1 5 - Iraq (South) Al-Hammar Marsh Mohamed (2014) 
14 213 80 - 120 - - - - - Iraq (South) Al-Hammar Marsh Mohamed et al (2016) 
23* 195* 42 – 147* 0.11 66.4 0 4 0 - 2 Turkey (South) Orontes River Ay and Özcan (2016) 
126 208 - 21.2 123.7 1 5 - Turkey (Southeast) Atatürk Dam Lake Şahinöz et al. (2011) 
111 222 - 16.2 136.6 1 5 - Turkey (Southeast) Atatürk Dam Lake Doğu et al. (2013) 
77* 229* - 4.0 122.2 1 4 3 Turkey (Southeast) Devegeçidi Dam Lake Elp and Kaya (2014) 
108* 202* - - - 1+ 4+ - Turkey (Southeast) Tigris River Ünlü et al. (2000) 
* Original data reported as Fork Length and multiplied by 1.05 to convert to Total Length (Ünlü et al., 2000)    
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     In the present study, the reported body weight for abu mullet ranged in size 
between 85 and 220 mm total length (TL), with the majority of fish between 130 and 
175 mm TL and an average TL of 155 ± 25 mm. Body weight was found to be between 
13 and 110 g, with the majority of fish between 25 and 50g and an average body 
weight of 44.3 ± 18.8 g. A review of previous studies on population biology of abu 
mullet have reported a maximum length of 270 mm TL for Liza abu caught in the Tuz-
Chi river, a tributary of Al-Audaim river in Salah-alddin province, N. Iraq, however, 
most fish sampled were between 150 and 170 mm TL (Al-Shawi and Wahab, 2008). 
Most studies report similar, or smaller, maximum sizes to the 220 mm TL reported in 
this chapter: 195 - 220 mm TL in Southern Iraq, 195 - 222 mm TL in Turkey and 186 
mm TL for abu mullet in Babylon, Central Iraq (Table 2.31). Maximum recorded body 
weight for abu mullet is 136.6 g by Doğu et al. (2013) in Atatürk Dam Lake in south 
east Turkey. However, Al-Shawi and Wahab (2008) did not report a maximum body 
weight in their study. Thus, the maximum body weight observed in the present study, 
110 g, is within the range of maximum sizes reported for populations of abu mullet 
where body weight has been recorded (Table 2.31).  
 
2.4.2 Morphometrics of Liza abu 
In the present study, the length-weight data indicated a pattern of negative allometric 
growth in Liza abu with weight exponent values of < 3 (Table 2.33). Length-Weight 
relationships have been well studied in abu mullet and most studies also indicate 
negative allometric growth (Table 2.33). These available data indicate that the average 
weight-exponent values for abu mullet are 2.90 ± 0.46 for males, 3.07 ± 0.20 for 
females and 2.96 ± 0.19 for both sexes combined. In general, an average b-value of 
2.95 ± 0.25 (based on 343 studies) has been observed for mullet species (Ibáñez, 2016) 
and a median value of 3.03 observed (based on a meta-analysis of 3929 studies of 
1773 species) for teleost fish in general (Froese, 2006). The values observed in the 
present study, ♂ = 2.28, ♀= 2.40 and 2.35 for both sexes combined, are the lowest 
values observed for abu mullet. However, a range of b-values have been reported for 
other Mugilid species by Ibáñez (2016) who reports b-values between 1.75 and 3.6 for 
M. cephalus (mean = 2.95), 2.1 to 3.7 for thin lip mullet L. ramada (mean = 2.95), 2.1 
to 4.05 for golden mullet L. aurata (mean = 2.94) and 2.5 to 3.3 for leaping mullet L. 
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saliens (mean = 2.85). Therefore, variability and low values for ‘b’ are to be expected 
for any species. This variation has been attributed to differences in environmental 
conditions and state of nutrition that may vary between locations exerting a selective 
pressure on local populations (Patimar, 2008) and in addition may be influenced by 
species, sex, sample size and the months during which the samples are collected 
(Ibáñez, 2016). In the present study, the aim was to describe the average length-
weight relationship for abu mullet at three locations for the Euphrates River in central 
Iraq by sampling fish throughout the year. It is evident from Figures 2.10 and 2.12 that 
the length-weight relationship is lower in fish collected after the spawning season 
compared to other times of the year, with two trends evident in the data. However, 
the aim was to determine a b-value for the species that described the average 
relationship for the species over the course of the year. Similarly, most of the studies 
presented in Table 2.33 where the sampling period is known (Al-Asadiy et al., 2000; 
Mhaisen and Yousif, 1989; Ünlü et al., 2000; Doğu et al., 2013; Elp and Kaya, 2014; 
Mohamed, 2014; Ay and Özcan, 2016) also derived their weight exponent values from 
samples obtained year-round [with the exception of Mhaisen and Al-Jaffery (1989) 
who sampled in a single month]. In addition, most studies have used a similar size 
range in their analyses (Table 2.31) and therefore the b-values calculated are likely to 
be representative for each population. The low b-values observed in the present study 
indicate negative allometric growth in many abu mullet populations, especially those 
in Central Iraq, which suggests that as the fish increase in size their pattern of growth 
changes and body shape changes and fish become longer and thinner.  
     Condition factor has been used as an indication of the ‘fatness’ or ‘well being’ of 
fish, based on the assumption that heavier fish of a given length are in better condition 
(Bolger and Connolly, 1989). A seasonal change in condition factor was observed in 
this study which has also been observed in other studies of abu mullet (Ünlü et al., 
2000; Doğu et al., 2013; Elp and Kaya, 2014; Ay and Özcan, 2016). This peak occurs 
with the timing of the spawning season (Şahinöz et al., 2011; Doğu et al., 2013; Ay and 
Özcan, 2016; this study), when gonad size will be largest and therefore body weight 
will be heaviest resulting in the largest condition factor values. For example, in mullet 
species the gonads of a gravid female may account for up to 25% the body weight and 
so there is a considerable change in body mass and therefore condition of fish 
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immediately after spawning (Ibáñez, 2016). This seasonal change in condition factor 
is well known and seen in many fish species (reviewed by Froese, 2006). The condition 
factor values calculated for male and female fish in this study were highest in May (♂ 
= 0.0160, ♀ = 0.0135) during the spawning season and lowest in September (♂ = 
0.0088, ♀ = 0.0085) immediately after spawning. Average condition factors for male 
and female abu mullet in the Euphrates River in the region of Al Najaf-Babylon-Karbala 
in central Iraq were 0.0119 and 0.0113 respectively. Previous studies which have 
calculated Fulton’s condition factor (W/L3) have produced average values ranging of 
0.0083 (♂) – 0.0088 (♀) (Ay and Özcan, 2016), 0.0125 (♂) – 0.0129 (♀) (0.0127 
combined; Ünlü et al., 2000), 0.0119 (range 0.0099 – 0.0137; Doğu et al., 2013) and 
0.0132 (range 0.0078 – 0.0200; Elp and Kaya, 2014). Thus, the condition factor values 
observed in the present study are within the range of values observed for abu mullet 
in the literature.  
     Various morphometric measurements of body size (length, depth, weight), eye size 
and mouth size were recorded in this study and differences were observed between 
the three sampling locations suggesting differences in body shape between fish 
samples from different locations in the Euphrates River (Figures 2.20 and 2.21). These 
differences were sufficient to classify fish back to sampling location of origin with 67% 
classification accuracy overall (Table 2.16). Morphological characteristics are thought 
to be determined by genetic and environmental factors and the interactions between 
them, particularly environmental factors experienced during the early developmental 
stages (Pinheiro et al., 2005; Kohestan-Eskandari et al., 2013). As a result, differences 
in body shape and scale and otolith shape are commonly observed and are used to 
discriminate between different populations of the same species (Cadrin et al., 2013; 
Mojekwu and Anumudu, 2015). These techniques have also been applied to mugilid 
fishes to identify differences between populations for flathead mullet M. cephalus and 
white mullet M. curema (Corti and Crosetti, 1996; Ibañez et al., 2007), for golden 
mullet Liza aurata (Kohestan-Eskandari et al., 2013) and have also been recently 
applied to abu mullet as well (Khayyami et al., 2014). Khayyami et al. (2014) used 
landmark morphological characters to describe the general body shape of abu mullet 
from three populations in southeast Iran and was able to identify population of origin 
with 99% classification success. The approach adopted by Khayyami and co-workers 
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was more powerful (i.e. provided a more complete description of body shape) than 
the simple approach adopted in the present study. However, the results obtained in 
the present study, i.e. 67% classification success using a few simple descriptors of head 
and body shape, indicate that a more detailed assessment of body shape using more 
powerful morphometric techniques would improve the classification accuracy. 
 
2.4.3 Growth of Liza abu 
In the present study, the size at age data were used to produce growth curves for Liza 
abu from the Euphrates River in the region of Al Najaf-Babylon-Karbala in central Iraq 
which are presented in Figures 2.43 and the von Bertalanffy growth constants are 
summarised in Table 2.33. The theoretical maximum size, L∞, for the populations in Al-
Najaf, Babylon and Karbala were 23.3, 24.6 and 26.0 cm respectively with growth 
constants of 0.31, 0.25 and 0.18 year-1 respectively. The average values for the three 
populations combined are 25.4 cm and 0.24 year-1. Growth has been well studied in 
abu mullet in central and southern Iraq and southeast Turkey and Table 2.32 provides 
the available size at age data for abu mullet. These data are plotted in Figure 2.43 and 
used to calculate the von Bertalanffy growth constants for these abu mullet 
populations (Table 2.33). The calculated theoretical maximum sizes for most 
populations are similar to those obtained in the present study and range between 20.0 
cm and 25.6 cm (Table 2.33), although larger values were reported by Mhaisen and 
Yousif (1989) for the Shatt Al-Arab river in southern Iraq (L∞ = 29.5 cm) and by Elp and 
Kaya (2014) for the Devegeçidi Dam Lake in southeast Turkey (L∞ = 33.4 cm). The 
average L∞ value for Liza abu is 24.1 ± 3.4 cm and the results for the present study are 
within the expected values for the species. A similar result was obtained for the 
growth constant k, where values for the published studies range between 0.15 and 
0.53 year-1 (Table 2.33) with an average value of 0.36 ± 0.12 year-1. Thus, the growth 
rates for abu mullet in three locations from central Iraq observed in the present study 
are similar to those reported for the species in Iraq and southeast Turkey. Compared 
to other mullet species, Liza abu does not attain a large maximum size. In a review of 
age and growth in Mugilidae, Ibáñez (2016) reports L∞ values ranging between 17.3 
cm and 194 cm for 24 species of mullet, with an average of 53.4 ± 25.0 cm (based on 
data from 353 studies for 24 species). In her analysis, Liza abu was amongst the 
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smallest of the mullet species having an average L∞ value of with the keeled mullet 
Liza carinata and the boxlip mullet Oedalechilus labeo (Ibáñez, 2016). Published data 
have shown L∞ values for Liza carinata of 16.8 cm (Samad and Abbas, 2000), 17.3 cm 
(Abbas, 2001) and 21.2 cm (El-Ganainy et al., 2014) and 25.9 cm (Matić-Skoko et al., 
2012) for Oedalechilus labeo. 
     The calculation of phi prime Φ’ (log10K + 2log10 L∞; Pauly and Munro, 1984) is 
recognised as the best means of averaging growth parameters of a particular species 
(Sparre and Venema, 1998). The phi prime index was devised by Munro and Pauly 
(1984) to allow comparison of the growth performance of species with similar shapes 
but it has also been suggested that it also provides an indication of the reliability of 
age estimates since phi-prime test values should be similar for studies on the same 
species and between species in the same genera (Piñeiro and Saínza, 2003). Phi prime 
index values for abu mullet (male and female combined) are presented in Table 2.33 
and range between 2.11 and 2.43 with an average of 2.28 ± 0.11 for 17 published 
studies. Phi prime values of 2.09 to 2.23 are calculated from the growth data for the 
present study with an average of 2.19 for the three locations sampled in central Iraq 
(Table 2.33) which fall within the range of values for the species. The phi prime values 
for L. abu are amongst the lowest reported for the Mugilidae with Ibáñez (2016) 
reporting an average of 2.78 ± 0.27 for the Mugilidae family based on an analysis of 
343 data values for 24 species with the data range between 1.82 for a study on L. 
carinata and 3.49 for a study on M. cephalus. Patterns of growth and phi prime values 
for L. abu and C. labrosus (Chapter 3) will be discussed in more detail in the General 
Discussion (Chapter 5).  
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Table 2.32.  A summary of the available size at age (years) data for Liza abu. Size data are presented as Total Length (cm) for males (♂) and females (♀) or for 
both sexes combined (both). * Original data reported as Fork Length and multiplied by 1.05 to convert to Total Length (Ünlü et al., 2000). 
1 2 3 4 5 6 Sex Country Location Reference 
11.3 
11.4 
15.3 
15.2 
17.3 
17.2 
18.4 
18.6 
19.8 
21.0 
- 
- 
♂ 
♀ 
Iraq (Central) Euphrates River, Al-
Najaf 
This Study 
11.1 
11.9 
15.2 
15.4 
17.5 
17.3 
18.6 
19.2 
21.2 
20.8 
- 
- 
♂ 
♀ 
Iraq (Central) Euphrates River, 
Babylon 
This Study 
11.2 
13.0 
15.7 
15.3 
17.1 
17.0 
18.5 
18.4 
20.4 
20.6 
- 
- 
♂ 
♀ 
Iraq (Central) Euphrates River, 
Karbala 
This study 
8.4 11.0 13.2 15.3 17.0 18.6 Both Iraq (Central) Fish Farm, Babylon Al Asadiy et al. (2000) 
9.1 11.3 12.9 14.6 16.4 18.0 Both Iraq (Central) Fish Farm, Babylon Mhaisen and Al-Jaffery (1989) 
6.9 10.9 14.9 17.9 - - Both Iraq (Central) Euphrates River Abbas and Al-Rudainy (2006) 
9.5 10.9 12.8 14.7 - - Both Iraq (Central) Tharthar Lake Shawardi (2006) 
10.2 12.2 15.3 18.4 - - Both Iraq (Central) Hilla River Al-Emari (2011) 
14.8 16.9 18.7 - - - Both Iraq (South) Shatt Al-Arab River Mhaisen and Yousif (1989) 
13.3 16.2 18.4 20.2 - - Both Iraq (South) Al-Hammar Marsh Naama (1982) 
12.1 15.9 18.2 19.5 - - Both Iraq (South) Shatt Al-Basrah Canal Wahab (1986) 
10.5 12.7 140 16.1 18.4 20.4 Both Iraq (South) Diyal River Khalaf et al. (1986) 
10.9 12.9 14.8 16.2 17.1 - Both Iraq (South) Garmit Ali River Abdul-Samad (2001) 
10.6 14.7 17.8 19.8 - - Both Iraq (South) East Hammar Marsh Mutlak (2012) 
7.5 12.56 15.5 18.2 20.1 - Both Iraq (South) East Hammar Marsh Mohamed (2014) 
7.5 12.5 15.5 17.5 19.3 - Both Iraq (South) Huwazah Marsh Mohamed (2014) 
6.5 11.5 14.5 16.7 17.8 - Both Iraq (South) Chybaish Marsh Mohamed (2014) 
11.4 14.9 17.5 18.9 20.2 - Both Turkey (Southeast) Atatürk Dam Lake Doğu et al. (2013) 
10.2* 
9.9* 
10.0* 
14.6* 
14.6* 
14.6* 
16.6* 
16.7* 
16.7* 
20.5* 
20.8* 
20.7* 
- 
- 
- 
- 
- 
- 
♂ 
♀ 
Both 
 
Turkey (Southeast) 
 
Devegeçidi Dam Lake 
 
Elp and Kaya (2014) 
13.3* 
13.9* 
16.0* 
16.1* 
16.8* 
17.0* 
18.4 
18.5* 
- 
- 
- 
- 
♂ 
♀ 
Turkey (Southeast) Tigris River Ünlü et al. (2000) 
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Figure 2.43. Growth curves for Liza abu from different locations. Data are presented for (a) this study and for published studies from (b) 
Central Iraq, C) Southern Iraq and (d) Southeast Turkey. See Table 2.33 for more details and source references
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Table 2.33.  A summary of the available data on the weight exponent (b-value) for the length-weight relationship, the von Bertalanffy growth 
constants [L∞ (cm), K (year-1), to (years)] and growth performance index (Φ’= log10K + 2log10 L∞; Pauly and Munro, 1984) for the abu mullet, Liza 
abu. Data are presented for males (♂) and females (♀) or for both sexes combined (both), where data are presented; missing data are indicated 
by the horizontal dash (-). (Table continued on next page). 
 
b L∞ K to Φ’ Sex Country Location Reference 
2.25 
2.43 
2.35 
20.8 
24.7 
23.3 
0.43 
0.26 
0.31 
-0.94 
-1.52 
-1.28 
2.27 
2.19 
2.23 
♂ 
♀ 
Both 
 
Iraq (Central) 
 
Euphrates River, Al-
Najaf 
 
This Study 
2.53 
2.50 
2.45 
24.8 
26.7 
24.6 
0.26 
0.18 
0.25 
-1.52 
-2.48 
-0.91 
2.20 
2.11 
2.18 
♂ 
♀ 
Both 
 
Iraq (Central) 
 
Euphrates River, 
Babylon 
 
This Study 
2.76 
3.04 
3.01 
25.9 
26.1 
26.0 
0.18 
0.18 
0.18 
-2.68 
-0.96 
-2.70 
2.08 
2.08 
2.09 
♂ 
♀ 
Both 
 
Iraq (Central) 
 
Euphrates River, 
Karbala 
 
This study 
2.28 
2.42 
2.35 
24.3 
26.5 
25.4 
0.27 
0.22 
0.24 
-1.41 
-1.78 
-1.58 
2.20 
2.19 
2.19 
♂ 
♀ 
Both 
 
Iraq (Central) 
Euphrates River  
(All sites combined) 
 
This study 
3.09 
3.07 
3.08 
25.9 
20.4 
22.7 
0.18 
0.36 
0.25 
-2.10 
-1.00 
-1.54 
2.08 
2.18 
2.11 
♂ 
♀ 
Both 
 
Iraq (Central) 
 
Fish Farm, Babylon 
 
Al Asadiy et al. (2000)** 
2.96 *** *** *** - Both Iraq (Central) Fish Farm, Babylon Mhaisen and Al-Jaffery 
(1989) 
- 24.0 0.36 - 2.32 Both Iraq (Central) Euphrates River Abbas and Al-Rudainy 
(2006) 
- 23.8 0.52 - 2.47 Both Iraq (Central) Tharthar Lake Shawardi (2006) 
 29.5 0.15 -2.52 2.12 Both Iraq (South) Shatt Al-Arab River Mhaisen and Yousif (1989) 
 
Chapter 2: Population biology of the abu mullet  
 
129 
 
b L∞ K to Φ’ Sex Country Location Reference 
2.77 
2.79 
2.78 
29.8 
23.5 
25.6 
0.19 
0.39 
0.27 
- 
- 
-1.73 
2.23 
2.33 
2.25 
♂ 
♀ 
Both 
 
Iraq (South) 
 
Al-Hammar Marsh 
 
Naama (1982) 
3.18 21.4 0.52 - 2.38 Both Iraq (South) Shatt Al-Basrah Canal Wahab (1986) 
2.70 *** *** *** - Both Iraq (South) Diyal River Khalaf et al. (1986) 
- 21.3 0.53 -2.03 2.38 Both Iraq (South) Garmit Ali River Abdul-Samad (2001) 
2.936 25.0 0.34 -0.61 2.33 Both Iraq (South) East Hammar Marsh Mutlak (2012) 
2.90 25.0 0.31 -0.15 2.29 Both Iraq (South) East Hammar Marsh Mohamed (2014) 
2.91 22.1 0.40 -0.05 2.29 Both Iraq (South) Huwazah Marsh Mohamed (2014) 
2.66 20.0 0.46 -0.14 2.26 Both Iraq (South) Chybaish Marsh Mohamed (2014) 
- 22.2 0.39 -0.02 2.28 Both Iraq (South) Al-Hammar Marsh 
(All sites combined) 
Mohamed (2014) 
2.93 24.6 0.44 - 2.43 Both Iraq (South) East Hammar Marsh Mohamed et al. (2016) 
2.94 
3.25 
2.91 
20.5* 
21.3* 
- 
0.26 
0.31 
- 
-1.74 
-1.43 
- 
2.07 
2.15 
2.11 
♂ 
♀ 
Both 
 
Turkey (South) 
 
Orontes River 
 
Ay and Özcan (2016) 
2.08 
2.87 
- 
- 
- 
24.6 
- 
- 
0.28 
- 
- 
-1.36 
- 
- 
2.23 
♂ 
♀ 
Both 
 
Turkey 
(Southeast) 
 
Atatürk Dam Lake 
 
Doğu et al. (2013) 
3.09 
3.20 
3.16 
34.6* 
36.3* 
33.4* 
0.18 
0.17 
0.17 
-1.02 
-0.87 
-0.94 
2.33 
2.35 
2.28 
♂ 
♀ 
Both 
 
Turkey 
(Southeast) 
 
Devegeçidi Dam Lake 
 
Elp and Kaya (2014) 
3.44 
3.22 
3.33 
20.9* 
21.4* 
20.6* 
0.51 
0.31 
0.38 
-0.86 
-2.51 
-1.96 
2.35 
2.15 
2.21 
♂ 
♀ 
Both 
 
Turkey 
(Southeast) 
 
Tigris River 
 
Ünlü et al. (2000) 
* Original data reported as Fork Length and multiplied by 1.05 to convert to Total Length (Ünlü et al., 2000)   
** = just reporting data for Station 1 for Ünlü et al. (2000);  
*** = unable to calculate von Bertalanffy growth curve from size at age data 
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2.4.4 Reproduction and fecundity of Liza abu 
The results of this study indicate that the spawning season for Liza abu in the 
Euphrates River in the region of Al Najaf-Babylon-Karbala in central Iraq is between 
March and July based on the monthly changes in HSI and GSI and by examination of 
the gonad status (Figures 2.34 – 2.35). Table 2.34 and Figure 2.44 summarise the 
available data for monthly changes in GSI for Liza abu and represent populations 
sampled in south, central and North Iraq, southeast Iran and southeast Turkey. As 
mentioned in Section 3.1, Liza abu is an unusual mugilid species as it spawns in 
freshwater and most studies have identified the spawning season from the peak in GSI 
values in the monthly samples collected. Most studies suggest that spawning takes 
place in/near the locations sampled in that study, although Ünlü et al. (2000) did not 
catch any abu mullet at their sample site in the Upper Tigris River in Diyarbakir in 
southeast Turkey between March and July and concluded that the fish must migrate 
elsewhere in the Tigris River to spawn. Based on peak GSI values, abu mullet has an 
extended spawning season which can range between November and August 
depending on population with most populations spawning between March and May 
(Table 2.35 and Figure 2.44). However, spawning seasons can be as short as one 
month (Manssor et al., 2009) and as long as 5 months (Naama et al., 1986; Ay and 
Özcan, 2016; this study) (Table 2.34). Similar results have been found with other 
mullet species with spawning seasons between 1 – 9 months reported for M. curema 
and 1 – 6 months for M. cephalus depending on population (reviewed in Ibáñez and 
Colín, 2014). It is not known whether the extended spawning season for abu mullet is 
due to individuals maturing at different times or whether individuals maturing more 
than one batch of eggs to spawn more than once during the spawning season. 
However, studies on other mugilid fishes have indicated that they are isochronal 
spawners that have synchronous gamete development with individuals spawning all 
their reproductive material at once or in batches over a very short time period of days, 
as opposed to weeks (Render et al., 1995; McDonough et al., 2003; Solomon and 
Rammarine, 2007) and therefore an extended spawning season is most likely due to 
individuals reaching spawning condition at different times.   
     As expected, maximum gonad size in females tends to be larger (ca. 7 – 13% of body 
weight) compared to males (ca. 4 – 10% of body weight) given the size of eggs 
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compared to sperm cells and the importance of maximising fecundity (egg production 
in females) and this has been observed in a range of mullet species (reviewed in 
González-Castro and Minos, 2016). The maximum GSI values observed in this study 
are within the range of peak GSI values observed for male and female abu mullet in 
previous studies (Table 2.34). Using monthly changes in HSI and GSI values to indicate 
the timing of the spawning season is a standard approach in the study of population 
biology in teleost species (e.g. Bilgin and Çelik, 2008; Al-Mamry et al., 2009; Nunes et 
al., 2011; Farrell et al., 2012; Hefny et al., 2016). In addition, in this study, gonad status 
was also assessed by visual examination in order to confirm the timing of the spawning 
season (Figure 2.37). The use of a ‘staging’ scale, usually comprising of 5 to 7 distinct 
stages based on gonad size and appearance to determine maturity status is widely 
used in studies of teleost fish population biology (King, 2007), and also amongst 
mugilid species (reviewed in González-Castro and Minos, 2016). This approach has 
been used in abu mullet reproduction (Naama et al., 1986; Ünlü et al., 2000; Chelemal 
et al., 2009; Muhsin, 2011) and additionally in some studies, histology of gonads has 
been used to confirm maturity status (Ünlü et al. 2000; Chelemal et al., 2009; Muhsin, 
2011; Şahinöz et al., 2011). Although written descriptive keys have been published to 
describe the different maturity stages for abu mullet (e.g. Naama et al., 1986; Muhsin, 
2011), to the author’s knowledge the present study is the first to provide a 
photographic key to support the written descriptions (see Tables 2.3 and 2.4) which 
will facilitate the assessment of maturity stage in future studies of the reproductive 
biology of the species.    
     Fecundity in the present study was estimated as 17,812 ± 13,331 eggs per female 
and ranged between 1575 eggs in the smallest mature female studied (143 mm TL) to 
40,372 eggs in the largest female (211 mm TL) and it was possible to predict fecundity 
from body weight (Figure 2.38). The number of studies on Liza abu where fecundity 
has been assessed is limited with 4 published average fecundity values ranging 
between 5,856 and 26,393 eggs per female (Table 2.35) with an average of 19887 
eggs. Thus, the fecundity estimate in the present study is similar to the average 
fecundity estimate for abu mullet from other published studies, however there are 
differences in size between studies (Table 2.35).  In all abu mullet studies, fecundity 
has been estimated gravimetrically by determining the weight of subsamples of gonad 
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containing known numbers of eggs and then scaling up to estimate absolute fecundity 
from the total gonad weight. It is possible that this will overestimate fecundity as not 
all may be released eggs and so this is an estimate of potential fecundity (González-
Castro and Minos, 2016). Another estimate, relative fecundity (number of eggs per 
gramme ovary), can be calculated which González-Castro and Minos (2016) comment 
“is a more comparable estimate amongst species”. Average relative fecundity in the 
present study was 1601 eggs/g with values for other studies calculated as 624 eggs/g 
for Ünlü et al. (2000), 652 eggs/g for Ay and Özcan (2016) and 118 eggs/g for Şahinöz 
et al. (2011) respectively. Therefore, it appears that relative fecundity may vary 
between abu mullet populations with relative fecundity greater for Central Iraq 
populations of abu mullet compared to populations from southeast Turkey which may 
relate to temperature and productivity in these aquatic habitats.   
 
2.4.5 Food and feeding of Liza abu 
The feeding ecology of Liza abu in Iraq has been the focus of some previous studies 
including work on patterns of feeding activity on a daily (Islam and Khalaf, 1982; 
Naama and Muhsen, 1986) and seasonal (Al-Asadiy et al., 2001; Tulkani, 2008; Al-
Shamma’a et al., 2012) basis. In the present study, feeding performance (activity), in 
terms of the percentage of feeding fish within a sample with food in their gut, and 
feeding intensity, in terms of the average gut fullness for feeding fish, were examined 
over a 13 month period from October 2014 to November 2015 (Tables 2.28 and 2.29). 
These data indicate seasonal differences in feeding performance (activity) with the 
lowest percentage of fish feeding recorded during the spawning season (May-June; 
both sexes combined). Previous work by Tulkani (2008) has also shown that feeding 
performance (activity) was lowest in summer months while Al-Asadiy et al. (2001) 
found feeding intensity was lowest in December-January for abu mullet in Babylon 
Province, Central Iraq, but their sampling only covered the period August-February 
and  so did  not sample  during  the time  of  year that  the present study would indicate 
is the time when feeding performance (activity) is lowest. In agreement with the 
present study, previous studies that have examined seasonal changes in gut fullness 
have also indicated that feeding intensity is highest in spring (Tulkani, 2008) and late  
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Table 2.34.  A summary of the available data on the monthly Gonadosomatic Index (GSI, %) values for the abu mullet, Liza abu. Data are presented 
for males (♂) and females (♀) collated from data presented in tables or calculated from figures* in the original published paper. Missing data 
are indicated by the dashed line (-), for Unlu et al. (2000) this indicates where no data are available due to migration of fish out of the sampling 
areas. The timing of the spawning season for each population (identified by the authors of the original paper) is highlighted in yellow.  
 
 Al Shawi & 
Wahab (2008) 
This study Manssor et 
al. (2009) 
Al Saadi et al. 
(2011) 
Naama et al. 
(1986) 
Muhsin 
(2011)* 
Chelemal et 
al. (2009)* 
Şahinöz et al. 
(2011)* 
Ünlü et al. 
(2000)* 
Ay & Özcan 
(2016)* 
Country Iraq  
(North) 
Iraq  
(Central) 
Iraq  
(Central) 
Iraq (Central) Iraq  
(South) 
Iraq  
(South) 
Iran 
 (Southeast) 
Turkey  
(Southeast) 
Turkey 
(Southeast) 
Turkey 
(Southeast) 
Location Al Audaim 
River 
Euphrates 
River 
Al Husainia 
River 
Al Husainia 
River 
Al-Hammar 
Marsh 
Majidia 
River 
Khozestan  
Province 
Atatürk Dam 
Lake 
Tigris 
River 
Orontes  
River 
Month ♂      ♀ ♂      ♀ ♂      ♀ ♂      ♀ ♂      ♀ ♀ ♂      ♀ ♂      ♀ ♂      ♀ ♂      ♀ 
January 2.0     3.7 3.1       3.4 1.1    1.2 4.4     5.3 9.0     9.6 10.9 9.1       3.4 2.3       3.2 4.2     3.1 4.5     4.5 
February 7.8    11.1 3.8       4.6 2.7     8.7 5.5     9.3 -         - 10.0 7.8       6.5 1.6       3.6 4.7     3.3 6.4     4.5 
March 7.5     9.6 7.6       6.9 1.0    1.1 6.5    10.3 3.5     7.8 5.5 10.6   11.2 4.6       5.0 -           - 8.7     8.3 
April 5.1     7.4 7.6     10.4 0.7     0.6 4.8     6.8 1.1     1.1 1.9 3.5     10.3 8.3     10.9 -           - 9.7    13.2 
May 1.7     1.8 8.6     11.5 0.3     0.3 0.5     0.7 0.3     0.6 0.8 3.3      7.0 8.8     10.5 -           - 7.4     6.3 
June 0.2     0.4 7.5       6.1 0.2     0.3 0.4     0.9 0.1     0.6 0.8 3.3      4.1 6.4     10.4 -           - 5.9     5.7 
July 0.2     0.3 4.5       6.2 0.2     0.4 0.4     1.0 0.1     0.5 1.1 4.1      1.2 5.6       5.8 -           - 2.7     2.4 
August 0.2     0.2 1.5       1.3 0.2     0.4 0.5     1.4 0.1     0.6 1.1 5.0      1.2 2.9       2.6 0.9     0.4 0.6     0.6 
September 0.1     0.4 1.3       1.4 0.3     0.5 0.6     2.3 0.2     0.5 1.1 5.8      1.4 3.1       2.4 1.4     0.8 0.7     0.7 
October 0.2     0.5 1.6       2.0 0.3     0.6 1.0     3.2 3.4     4.8 1.2 5.0      1.5 2.5       2.0 3.4     1.7 0.8     0.8 
November 0.7     0.9 1.7       2.0 0.5     0.7 1.8     3.8 6.0     4.1 1.9 9.1      2.3 3.1       1.5 2.7     2.1 2.1     1.4 
December 1.6     1.7 1.6       3.1 0.7     0.8 3.6     4.5 8.3     4.1 6.0 9.1      2.5 3.0       2.9 3.1     2.9 3.2     2.1 
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Figure 2.44. Monthly changes in Gonadosomatic Index (GSI, %) for male (M, solid lines) and 
female (F. dotted lines) Liza abu from different locations. Data are presented for (a) this study 
and for published studies from (b) Iraq and (c) Iran and Turkey. See Table 2.34 for more details 
and source references. 
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Table 2.35. A summary of the available data on fecundity estimates in Liza abu. Average 
fecundity values (number of eggs; mean ± SD) are presented with the fecundity range and 
size (Total length, mm) range and sample size (n) for each study. Missing data are indicated 
by the dashed line (-). 
 
Fecundity 
(no of eggs) 
Range data 
Fecundity 
TL 
n Country Location Reference 
17812  
± 13331 
1575 - 40372 
143 - 211 mm 
14 Iraq  
(Central) 
Euphrates River 
(Al-Najaf, Babylon, Karbala) 
This Study 
14413  
± 1569 
12021 - 24850 
- 
51 Turkey  
(South) 
Orontes River Ay and Özcan 
(2016) 
5,856* - 
162 mm** 
89 Turkey  
(Southeast) 
Atatürk Dam Lake Şahinöz et al. 
(2011) 
26393  
± 1375 
7770 - 84543 
- 
- Turkey  
(Southeast) 
Devegeçidi Dam Lake Elp and Kaya 
(2014) 
32887* 12175 - 56400 
146 - 187 mm 
51 Turkey  
(Southeast) 
Tigris River Ünlü et al. (2000) 
* no SD data provided 
** calculated from average weight data (49.61 g) using Length-Weight equation for female 
abu mullet presented in Doğu et al. (2013). 
 
 
 Autumn (October-November; Al-Asadiy et al., 2001). In addition, to seasonal cycles in feeding 
performance (activity) and intensity, Islam and Khalaf (1982) and Naama and Muhsen (1986) 
have shown that these vary on a diel basis with peak feeding performance (activity) and gut 
fullness being recorded in the morning (ca. 0600-1200) with minimal feeding occurring in the 
middle of the night. 
     A range of food items have been recorded in the gut of Liza abu, and the fish has been 
described as an omnivorous bottom feeder with a diverse diet (Al-Asadiy et al., 2001; Al-
Shamma’a et al., 2012; Cardona, 2016) and a low degree of dietary specialisation (Hussain et 
al., 2009). Although diversity in diet of abu mullet has been observed between locations and 
at different times of the year, all published studies identify that the main gut components are, 
listed in terms of importance:   
 
1) Islam and Khalaf (1982) - Rashdiyah Reservoir, Central Iraq (24 hour cycle) 
     Organic Material > Detritus > Plants and Algae > Diatoms > nematodes 
2) Naama and Muhsen (1986) - Al Hammar Marsh, southern Iraq (24 hour cycle) 
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    Algae > Sand > Zooplankton > Crustaceans  
3) Al-Shamma’a and Jasim (1993) - Al Hammar Marsh, southern Iraq (Flood season) 
    Sand > Zooplankton > Organic Material > Phytoplankton 
4) Al-Asadiy et al. (2001) - Babylon Fish Farm, Central Iraq (8 months; July - February) 
    Digested Food > Sand > Diatoms > Organic Material > Plants > Arthropods > Annelids 
5) Tulkani (2008) - Al Husainia River, Central Iraq (12 months) 
     Digested Food > Organic Material > Diatoms > Green/Blue-green Algae > Others 
6) Hussain et al. (2009) -  Al Hammar Marsh, southern Iraq (18 months) 
     Diatoms > Detritus > Plants 
7) Al-Shamma’a et al. (2012) - Tigris River, Central Iraq (12 months) 
    Organic Material > Sand > Green/Blue-green Algae > Zooplankton  
8) Present study (2014-2015) - Euphrates River, Central Iraq (13 months)  
     Organic Material > Sand > Algae and Plants > Digested food > Diatoms > Zooplankton 
 
     The above summary indicates that the dominant components of the diet of Liza abu are 
organic material and plant material, the latter comprising of both higher plants and algae, in 
particular diatoms. In addition, sand/sediment are usually present in the gut contents as a 
result of ingestion to extract the organic material/detritus and the microphytobenthos 
(diatoms on the sand/sediment surface). Ingested sand particles will also help in the 
maceration of food materials in the pyloric stomach as observed in similar studies in some 
African mullets (Blaber and Whitfield, 1977; Blay, 1995). In general, Mugilidae are reported 
to feed on arrange of food items such as organic matter in the sediment, detritus, plant 
material, filamentous macroalgae, phytoplankton, zooplankton and benthic invertebrates 
(reviewed in Cardona, 2016). However, there is evidence that species of the genus Liza have 
a more diverse diet than Mugil species which eat mainly organic material extracted from 
surface sediments (Cardona, 2016). 
     The results of the present study indicate a change in the main components of the diet with 
size with diatoms and zooplankton being more important food sources in small (< 150 mm TL) 
abu mullet and algae/plants replacing these in importance in larger abu mullet (> 150 mm TL) 
(Table 2.30b and Figure 2.42). Ontogenetic diet shifts in diet are well known in mullet species 
(reviewed in Cardona, 2016) including Liza abu where larva and fry feed on planktonic prey, 
such as zooplankton and diatoms (Ahmad and Hussain, 1982) and juveniles (Naama and 
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Muhsen, 1986) and adults feed on a more diverse diet (e.g. Islam and Khalaf, 1982; Al-Asadiy 
et al., 2001; Al-Shamma’a et al., 2012; present study). However, most of the published studies 
on feeding in abu mullet cited do not separate the sample into juvenile and adult fish. The 
results of the present study are more informative because as well as looking at feeding for 
samples by month, location and combined, the combined data set was also divided into 
juvenile and adult fishes. The results of the present study indicate that although both juvenile 
and adult abu mullet have diverse diets, there is some change in the dominant dietary 
components with increasing size (Table 2.30b and Figure 2.42).  
 
2.4.6 Summary  
In this chapter, the population biology of the abu mullet, Liza abu in Central Iraq (Al-Najaf, 
Babylon and Karbala) was studied. Fish sampled in this study ranged between 0+ and 5+ years 
(aged using scales) and between 85 and 220 mm Total Length and 13 and 110g wet weight 
with the majority of fish between 130-175 mm and 1 and 3+ years old. The length-weight data 
indicated negative allometric growth (increase in length more than increase in weight) with 
average b-values of 2.28 (males), 2.42 (females) and 2.35 (combined). Morphometric 
measures of size, body depth, eye diameter and mouth area suggested differences in body 
shape between sampling sites. Growth was described using the von Bertalanffy growth 
model: Male Lt = 24.3(1 – e-0.27(t+1.41)), Females Lt = 26.5 (1 – e-0.22(t+1.78)) and combined Lt = 
25.4(1 – e-0.24(t+1.57)). Monthly changes in condition factor and GSI indicated peak values occur 
in April-June coincident with the timing of the spawning period confirmed by visual 
examination of the gonad maturity status. Examination of gut contents indicated a mixed diet, 
dominated by organic matter, algae and plants. 
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3.1. Introduction 
Mullets, belonging to the family Mugilidae, are a widely distributed group of teleost fishes, 
which are found in tropical, subtropical and temperate waters (Nelson, 2006). The Mugilidae 
are the only family within the order Mugiliformes which are the most primitive of the 
Acanthopterygian teleost fishes (Helfman et al., 2009). Mullet can be found in waters of all 
salinities ranging from freshwater to full-strength seawater (Harrison, 2002; Gonzalez Castro 
et al., 2016) and the family includes 78 species in 20 genera (Froese and Pauly, 2017), with 
half of the species occurring in two genera, Liza and Mugil (Froese and Pauly, 2017) which 
comprise of 20 and 17 species respectively. The third most speciose group of Mugilidae is the 
genus Chelon with 7 species, all of which occur in the Indo-Pacific with the exception of the 
Cape Verde mullet and the thick-lip grey mullet which are found in the Eastern Atlantic (Table 
3.1).  
Table 3.1. A summary of the species belonging to the genus Chelon (Family Mugilidae; Order 
Mugiliformes) (Froese and Pauly, 2017). 
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Mugilid species are generally considered as ecologically important and are a major food 
resource for human populations in certain parts of the world as a high quality protein source 
(Durand et al., 2012; Whitfield et al., 2012). Mullet are important economic resources that 
support many small communities through both fishing and aquaculture (Katselis et al., 2005; 
Pina and Chaves, 2005; Ibañez et al., 2007). They have commercial importance, especially in 
artisanal fisheries, supporting local communities as food or bait (Marin et al., 2003; Gallardo 
Cabello et al., 2012). They are also used in aquaculture (Hsu and Tzeng, 2009; Ibanez et al., 
2012) mainly for their roe (Chang et al., 2004). Amongst the commercially important species 
of mullet (see Table 3.1), some have widespread distributions such as the flathead grey 
mullet, Mugil cephalus, which has an almost global distribution in the Atlantic (although not 
found as far north as the UK), Indian and Pacific Oceans and the white mullet, Mugil curema, 
which is found on both sides of the central Atlantic and in the Caribbean and Gulf of Mexico 
(Froese and Pauly, 2017). Other mullet species have widespread distributions but are 
currently not fully exploited, for example the thick-lip grey mullet, Chelon labrosus, and thin-
lip mullet Liza ramada or are of localised distribution and commercial importance, for 
example Klunzinger’s mullet Liza klunzingeri and the bobo mullet Jotorus pichardi (Table 3.1). 
     The thick-lip grey mullet, Chelon labrosus, (Risso, 1827) (Figure 3.1) is the largest mullet in 
its genus attaining a maximum size of 75 cm in length (Froese and Pauly, 2017) and has a 
broad head that is flattened on top, a small upturned mouth and two well separated dorsal 
fins the first with 4 slender spines and the second with one spine and 8 soft rays. The pectoral 
fins are quite high on the body. The pelvic fins are situated midway between the pectoral base 
and the origin of the first dorsal. The tail is large and forked. It is grey-blue above and silvery 
on the flanks and the belly. Dark longitudinal stripes are present along the scale rows. 
 
 
Figure 3.1. The thick-lip grey mullet, Chelon labrosus (Risso, 1827).  
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The geographic distribution of the thick-lip grey mullet Chelon labrosus is in the Eastern 
Atlantic from Scandinavia and Iceland in the north to Senegal and Cape Verde in the south 
and also includes the Mediterranean Sea and the southwestern Black Sea (Froese and Pauly, 
2017; Figure 3.2). Chelon labrosus is one of 3 native mullet species present in the UK, the 
others  being  the  thin-lip  grey  mullet  Liza  ramada  and  golden  grey  mullet  Liza aurata 
 
 
Figure 3.2. Geographic distribution of the thick-lip grey mullet Chelon labrosus (Risso, 1827). 
On the lower figure, red indicates where the fish is most commonly found with an 80-100 % 
chance of occurrence; orange represents a 40-59 % chance of occurrence; yellow represents 
a 20-39 % chance of occurrence [Source: Froese and Pauly, 2017).  
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(Maitland and Herdson, 2009). In addition, a single 29 mm flathead grey mullet, Mugil 
cephalus, was found in the Camel estuary in Cornwall in 1992 (Reay, 1992) but no further 
specimens have been caught and it is not known how this fish ended up in Cornwall but may 
have derived from a spawning population of M. cephalus at the northern limit of its range in 
the Bay of Biscay (Reay, 1992). 
     The thick-lip grey mullet, Chelon labrosus is reported to be the most abundant and 
widespread of the 3 species of grey mullet in Northern Europe (Hickling, 1970; Reay, 1987) 
and can be commonly found in estuaries and shallow coastal waters around the United 
Kingdom and Ireland as well as in the lower sections and mouths of rivers and in brackish 
lagoons. Schools of mullet are found most often in estuaries and brackish lagoons during the 
summer months feeding primarily on fine sediments (Kennedy & Fitzmaurice 1969; Hickling, 
1970; Moura and Gordo, 2000; Cardona, 2001). Since thick-lip grey mullet are tolerant of poor 
water quality they can be found in polluted environments such as in the vicinity of sewers and 
industrial ports and they are a popular indicator species in pollution studies (Connolly et al., 
2013; Ortiz-Zarragoitia et al., 2014). The UK and Irish populations of thick-lip grey mullet are 
slow-growing and long-lived with maximum published ages of 12 years for populations in 
southwest and southeast England (Hickling, 1970) and 23 years for Ireland (Richter, 1995) 
compared to the faster-growing and shorter-lived populations studies in the Mediterranean 
(7 years; Morovic, 1963) and Morocco (9 years; Erman, 1959). Age at first maturity in the UK 
and Ireland is between 7 - 11 years old (Kennedy & Fitzmaurice, 1969; Hickling, 1970; Fahy 
1979) and spawning occurs in September-October in southeast Ireland (Fahy, 1979) and 
between January and April in southwest England (Hickling, 1970). As temperatures fall in the 
autumn, maturing mullet move offshore to spawn (Kennedy & Fitzmaurice, 1969) but 
immature mullet tend to remain near estuaries during the winter (Kennedy & Fitzmaurice 
1969; Claridge and Potter, 1985; Walsh et al., 1994). Like most other mugilids, Chelon labrosus 
are low trophic level feeders (average trophic level = 2.6; Froese and Pauly, 2017) but display 
ontogenetic shifts in diet, as they increase in size. Thick-lip grey mullet fry only feed on 
zooplankton (Tosi and Torricelli, 1988; Gisbert et al., 1995; Gisbert et al., 1996) but, as seen 
in most mugilid species, a shift to a benthic diet occurs between 20-30 mm total length and 
the stomach contents of juvenile and adults are usually a mixture of sand, detritus, 
microphytobenthos, green macroalgae, and infaunal and benthic macrofauna (Cardona, 
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2016). Specific studies on Chelon labrosus (Hickling, 1970; Cardona 2001) have supported the 
general observations reported in the Cardona (2016) review. 
     Compared to other mullet species, the thick-lip grey mullet has been relatively well 
studied, although not as much as the flathead grey mullet, Mugil cephalus. A bibliographic 
online search was conducted using Web of Science (WoS) and Science Direct (SD; Date of data 
retrieval: 4th March 2017)  in order to quantify the published literature for the mullet species 
presented in Table 3.2 which are the main focus of exploitation. The search terms used were 
the scientific names for each species (either in title, abstract or keywords) and the summary 
data are presented in Table 3.2.  
 
Table 3.2. Summary of publications retrieved from Web of Science and Science Direct (Date 
of retrieval: 4th March 2017) for 12 species of mullet which are the major mullet species 
targeted in fisheries and aquaculture (based on declared production figures). Publication 
output is expressed as the number of publications and as a percentage of the overall total 
(WofS = 1111, SD = 711).  
Species Distibution1 Average Annual 
Production (t)2 
Web of  
Science 
Science  
Direct 
Redlip/So-iuy mullet 
Liza haematocheila 
NW Pacific, introduced 
to Europe/Black Sea 
152,395 18 
1.6% 
43 
6.0% 
Flathead grey mullet 
Mugil cephalus 
Atlantic, Indian and 
Pacific  
132,109 545 
49.1% 
322 
45.3% 
White mullet 
Mugil curema 
Atlantic, Indian and 
Pacific 
4,470 54 
4.9% 
24 
3.4% 
Bluespot mullet 
Moolgarda seheli 
Indian and Indo-Pacific 3,953 0 
- 
7 
1.0% 
Klunzinger’s mullet 
Liza klunzingeri 
Arabian Gulf and 
Indian Ocean 
2,107 13 
1.2% 
24 
3.4% 
Abu mullet 
Liza abu 
Middle East and 
Indian Ocean 
1,865 14 
1.3% 
7 
1.0% 
Lebranche mullet 
Mugil liza 
W. Atlantic, Caribbean,  
Gulf of Mexico 
1,841 58 
5.2% 
49 
6.9% 
Thick-lip grey mullet 
Chelon labrosus 
NW Atlantic and 
Mediterranean 
810 171 
15.4% 
74 
10.4% 
Golden grey mullet 
Liza aurata 
NW Atlantic and 
Mediterranean 
508 104 
9.4% 
82 
11.5 
Thinlip grey mullet 
Liza ramada 
NW Atlantic and 
Mediterranean 
303 72 
6.5% 
48 
6.8% 
Bobo mullet 
Jotorus pichardi 
Central America and 
Caribbean  
246 3 
0.3% 
0 
- 
Leaping mullet 
Liza saliens 
Mediterranean 75 41 
3.7% 
22 
3.1% 
1 – source Fishbase (Froese and Pauly, 2017)  
2 – source FAO 2017, FIGIS database 
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WoS and SD were used as the search engines as they are the two main online search engines 
available at Bangor University and the summary search statistics quantify the total number of 
papers retrieved and so enable a quick assessment of the number of papers published for 
each species. This analysis indicated that the flathead mullet, Mugil cephalus was the focus 
of most scientific publications followed by the thick-lip grey mullet, Chelon labrosus which 
accounted for 15.4% of publications in WoS and 10.4% of publications in SD respectively 
(Table 3.2). However, it is important to point out that there is a bias in this analysis as it is 
based on papers that are published in journals and books which are part of the bibliographic 
database for the two search engines and so will have a bias for papers that are published in 
English. This can be illustrated by abu mullet, Liza abu which retrieves 14 and 7 papers 
respectively in WoS and SD although a similar analysis in Chapter 2 retrieved 137 published 
papers in international and regional scientific journals (Figure 2.3) when Google Scholar was 
utilised and it was possible to source papers published in non-ISI journals and non-English 
papers, especially in Arabic. However, the key point to highlight is that thick-lip grey mullet is 
one of the better-studied mullet species, with the top 4 species in terms of publication output 
in English - Mugil cephalus, Liza aurata, Chelon labrosus and Liza ramada – all found in Europe 
where the dominant language of scientific publication is English and so are more likely to be 
published in journals which are included in the WoS and SD databases. It is interesting to note 
that some of the species which are commercially important (Table 3.2) are primarily found in 
areas of the world where Spanish (white mullet, Lebranche mullet), Arabic (Abu mullet, 
Klunzinger’s mullet) or East Asian (red-lip mullet, blue-spot mullet) languages are spoken and 
so studies on these species are probably not well represented in the English scientific 
literature.  
     The detailed online search for the published literature on Chelon labrosus using WoS (Date 
of data retrieval: 4th March 2017) produced 171 published papers covering a range of subject 
areas (Figure 3.3a). The number of published papers which are retrieved through WoS has 
increased every decade since the 1970s (1970 is the start year for the WoS database) and has 
exceeded 62.5% of papers published since 2000 (Figure 3.3b). Given that 54 papers have been 
published since 2010, it is likely that if the same rate of publication is maintained, 76 papers 
will be published in the WoS database in the 2010s. For thick-lip grey mullet, the most 
common topics studies are pollutants (45 papers, 26.3% of studies; e.g. Antovic and Antovic, 
2011; Baptista et al., 2013; Turkmen et al., 2016; Garcia-Orellana et al., 2016), often in 
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conjunction with impacts on reproductive biology (11 papers; 6.4% of studies; e.g. Ortiz-
Zarragoitia et al., 2014; Sardi et al., 2015), physiology (31 papers; 18.1% of studies; e.g. Lamas 
et al., 2007;  Imen et al., 2013;  Pujante et al., 2015), parasites (29 papers, 17.0% of studies; 
 
 
Figure 3.3. A summary of the published papers on thick-lip grey mullet Chelon labrosus 
sourced from Web of Science (19th February 2017; Keywords ‘Chelon labrosus’ and 
‘Crenimugil labrosus’) showing the number of papers published by (a) topic and (b) by decade. 
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Table 3.3. A summary of the different parameters included in published papers on the population biology of thick-lip grey mullet Chelon labrosus. 
Note*: Maturity could refer to changes in Gonadosomatic Index over time or a description of the timing of the spawning season 
 
Reference Location Length-Weight Age Growth Maturity* Feeding 
Anastasopoulou et al. (2016) Mediterranean X     
Verdiell-Cubedo et al.  (2006) SE Spain X     
Moura & Gordo (2000) Central Portugal X X X X  
Koutrakis & Sinis (1994) Mediterranean X X X   
Walsh et al. (1994) SE Ireland X X X   
Richter (1995) N. Ireland X X X X  
Fahy (1979) SE Ireland X X X X  
Hickling (1970) England & Wales X X X X X 
Kennedy & Fitzmaurice (1969) Ireland  X X X X  
Salvarina et al. (2017) Mediterranean     X 
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e.g. Wiecaszek et al., 2011; Boualleg et al., 2013; How et al., 2015; Masala et al., 2016), 
ecology (21 papers, 12.3% of studies: e.g. Mickovic et al., 2010; Green et al., 2011; 
Schaber et al., 2011; Trancart et al., 2016) and aquaculture (18 papers, 10.5% of 
studies: e.g. Besbes et al., 2010; Ben Khemis et al., 2015; de las Heras et al., 2015; 
Pujante et al., 2017) (Figure 3.3a).  
     The review of the published literature on Chelon labrosus indicates that their 
population biology has been little studied (Figure 3.3a) with 5 papers on the 
population biology (e.g. length/weight relationships, condition factor, age and 
growth, reproduction) of thick-lip grey mullet in WoS (Figure 3.3a): these papers being 
Koutrakis et al. (1994), Walsh et al. (1995), Moura and Gordo (2000), Verdiell-Cubedo 
et al. (2006) and Anastasopoulou et al. (2016). In addition to this, by using the first 10 
pages of Google (search term ‘Chelon labrosus’), additional references were sourced 
(Table 3.3), including the two key references for the population biology of thick-lip 
grey mullet - Kennedy and Fitzmaurice (1969) and Hickling (1970). However, the key 
point to make is that there are very few studies in the last 50 years which have 
examined of multiple aspects of the population biology of Chelon labrosus and even 
fewer on populations in the UK and Ireland (Table 3.3). It is interesting, but also 
disappointing, to note that the only study on Chelon labrosus in England/Wales was 
published by Hickling (1970).  
     The aims of this study therefore, were to conduct only the second detailed study 
on the population biology of the thick-lip grey mullet, Chelon labrosus in the UK in the 
last 50 years by collecting monthly samples of fish from commercial fishing activity in 
Northwest Wales to study the biology of the local population. 
Specifically: 
 The size structure will be described 
 The length-weight relationships will be determined 
 Fish will be aged using scales and the age structure described  
 Patterns of growth and maturity will be described 
 Morphometric measurements will be made to describe body shape 
 Fecundity of mature female fish will be determined 
 The diet and seasonal changes in feeding will be described 
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3.2 Material and Methods   
3.2.1 Sample collection 
A total of 373 thick-lip grey mullet Chelon labrosus were obtained from commercial 
fishermen fishing for grey mullet using gill nets in various locations in Northwest Wales 
between January 2014 and December 2015. The approximate locations sampled were 
the Conwy estuary, the southwest coast of Anglesey and various locations along the 
north coast of the Llŷn peninsula, including the Foryd estuary, Dinas Dinlle*, 
Aberdesach* (*collectively referred to as North Llŷn), Trefor and Morfa Nefyn (Figure 
3.4).  
 
 
 
Figure 3.4.  Location of the study area and the approximate sampling locations in 
Northwest Wales. 
 
Some samples were bought from a specific fisherman whilst others were bought from 
Mermaid Seafoods in Llandudno. The target sample size was a maximum of 50 mullet 
per month, however, sample sizes varied and between 3 and 39 fish were collected in 
any given month and for some months no mullet were caught during fishing activity 
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(Table 3.4). Since no fish < 375 mm Total Length was obtained from commercial 
sources, seine netting of shallow waters along the coastline of southwest Anglesey 
(Aberffraw, Trearddur Bay and Foryd estuary) using a beach seine net (10 m long x 2.5 
m deep, mesh size 20 mm) was conducted in 2015 under licence (Disp011) from the 
Welsh Government, although few fish were caught. Upon collection as fresh fish, each 
mullet was frozen at -20°C until processed. 
 
Table 3.4. Summary of the number of thick-lip grey mullet, Chelon labrosus collected 
from various locations in Northwest Wales (Southwest Anglesey, Conwy, North Llŷn 
(Dinas Dinlle and Aberdesach), Trefor and Morfa Nefyn) in 2014 and 2015. For 
approximate locations of sampling please see Figure 3.4. 
 
Month 
Southwest 
Anglesey 
Conwy 
North 
Llŷn  
Trefor 
Morfa 
Nefyn 
2014      
January  2    
February   18   
March   11   
April   20   
May  36    
July 1  26   
October  40 6   
November   39   
December   27   
2015      
January 9     
February 3     
March 22     
April 26     
May 19     
July    6  
August    17  
September    5  
October    6 13 
November    16  
December    6  
Total 79 78 147 56 13 
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3.2.2 Data Collection  
During processing, after thawing each fish was photographed on a length board to 
obtain an image of the whole body profile and a close-up image of the head and total 
length and standard length (to nearest mm) and body weight (to nearest 1 gramme) 
were measured (Figure 3.5). In addition, maximum body depth, eye diameter, 
horizontal mouth opening and vertical mouth opening were measured using Vernier 
calipers (all to nearest mm) (Figure 3.5). Fish were then opened by cutting the ventral 
surface from the anus to the gills to expose the organs in the peritoneal cavity. The 
liver, gut and gonad were removed and weighed (to the nearest mg).  
 
 
 
Figure 3.5. Morphometric measurements taken on thick-lip grey mullet Chelon 
labrosus. 
 
The sex of each fish and maturity status (immature or mature) were identified based 
on macroscopic examination of the gonads (King, 2007). Maturity stage was 
determined based on the following attributes (Andrade-Talmelli et al. 1996; Marin et 
al. 2003):  
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 gonad colour 
 gonad appearance 
 gonad shape and size,  
 Large veins with blood present on ovaries  
 Eggs visible by eye 
 the degree of  gonad vascularization 
 the percentage occupation of the peritoneal cavity, 
 
Six maturity stages (see Tables 3.5 and 3.6), as defined by Biswas (1993) and Albieri 
and Araújo (2010) were determined based on six distinguishable stages of gonad 
development: 
 Stage I - Immature  
 Stage II - Developing  
 Stage III - Maturing  
 Stage IV – Ripe/Running  
 Stage V - Spent  
 Stage VI - Recovering/Resting 
 
The gut of each fish was removed, weighed (to nearest mg) and the degree of fullness 
estimated on a scale from 0 to 100 % using the fullness intervals of 0, 5, 10, 25, 50, 75 
and 100 % (modified from Soyinka, 2008) (see Figure 3.6). The contents of the gut 
were emptied into a petri dish and the following categories identified according to 
Prescott (1954), Edmonson (1959) and Shirota (1966): 
 Macroalgae and Plants 
 Diatoms 
 Zooplankton 
 Organic Matter 
 Insects and Worms  
 Crustaceans 
 Snails and eggs 
 Sand  
 Digested Food (Unidentifiable) 
 Others (e.g. stones, plastic, 
seeds)   
 
The relative percentage contribution of each grouping to the overall stomach contents 
was estimated by eye.  
     In order to age the fish, ca. 25-30 scales were removed from the lateral flank below 
the dorsal fin for each fish. In addition, the sagittal otoliths were removed from each 
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fish and the opercular bones, pectoral arch bone and the first 4-5 vertebrae behind 
the head were sampled from 46 fish (see Chapter 4). All ageing structures were 
cleaned in water, dried and stored in labelled paper envelopes until subsequent 
ageing. For the current study on population dynamics of thick-lip grey mullet, each 
fish was aged by counting the number of rings on one original (i.e. not regrowth) scale 
(see Figure 3.7). Ageing of mullet using scales is standard practice and has been 
conducted for a range of mullet species (e.g. Reay, 1987; Mhaisen and Al-Jaffery, 
1989; Mhaisen and Yousif, 1989; Almeida et al., 1995; Hamza, 1999; Al-Asadiy et al., 
2000; Snovsky and Shapiro, 2000; Abbas, 2001; Kraïem et al., 2001; Gallardo-Cabello 
et al., 2005; Fazli et al., 2008; Hsu and Tzeng, 2009; Minos et al., 2010; Kraljevíc et al., 
2011), including thick-lip grey mullet (Kennedy and Fitzmaurice, 1969 ; Hickling, 1970; 
Grove, 1980; Walsh et al., 1994; Richter, 1995).  
 
3.2.3 Data Analysis 
3.2.3a  Morphometrics 
The length data were divided into 25 mm length classes and the number of male and 
female fish in each length class compared against an expected 50:50 ratio using a chi-
squared test [Note: some length classes were combined to obtain an expected 
frequency of 5). The size (Total length and Body Weight) of male and female thick-lip 
grey mullet collected in each monthly sample were compared using a two sample t-
test or Mann-Whitney U-test.  The Length-Weight relationship was described using 
the power function W = a.Lb (Froese, 2006; King, 2007), where W is the total body 
weight (g), L is the total length (mm), and a and b are constants. The constants a and 
b were calculated from the intercept and slope of the log-transformed power function 
(LnW = Lna + b.LnL). The length-weight relationships for females and males were 
examined separately and the slopes of the two regression lines for the log-
transformed data were compared using a General Linear Model (SPSS v.22) to test for 
differences between the sexes. Condition factor has been as an indication of the 
‘fatness’ or ‘well-being’ of fish, based on the assumption that heavier fish of a given 
length are in better condition (Bolgor and Connolly, 1989). 
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Table 3.5. Description of the appearance of testes in Chelon labrosus at different stages of maturity (Modified from Marin et al., 2003; Albieri et 
al., 2010). 
 
 
 Chapter 3: Population Biology of the thick-lip grey mullet 
 
154 
 
Table 3.6. Description of the appearance of ovaries in Chelon labrosus at different stages of maturity (Modified from Marin et al., 2003; Albieri 
et al., 2010). 
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Figure 3.6. The degree of stomach fullness estimated on a scale from 0 to 100 %, for Chelon 
labrosus [modified from Pillay (1952) and Soyinka (2008)]. 
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Condition factor was determined using Fulton’s Condition Factor (CF) was calculated as CF = 
W/TL3 (Bolger & Connolly, 1989) where W is the total body weight of the fish (g) and TL is the 
total length of the fish cm). Differences in CF between male and female grey mullet in any 
given month were compared using a two sample t-test or Mann-Whitney U-test and monthly 
changes in CF for either male of female fish were examined using a one-way ANOVA with 
post-hoc comparisons made using Tamhane’s T2 test.  
     In order to describe the morphometrics of thick-lip grey mullet, the relationships between 
Total Length (mm) and Standard Length, body depth, eye diameter (all mm) and mouth area 
(mm2) were determined for male and female fish and the slopes of the regression lines for 
each length/morphometric measurement compared using a General Linear Model (SPSS v.22) 
to test for differences between samples. Mouth area (MA. mm2) was calculated using the 
equation MA = π.(VMO/2).(HMO/2) where VMO and HMO are the vertical and horizontal 
mouth openings (in mm) (Karachle and Stergiou, 2011). In order to linearise the data, mouth 
areas were Ln-transformed prior to regression analysis. Differences in body depth between 
male and female mullet in any given month were compared using a two sample t-test and 
monthly changes in body depth for either male of female fish were examined using a one-
way ANOVA with post-hoc comparisons made using Tamhane’s T2 test or Scheffe’s test as 
appropriate depending on whether the data exibited equal variance between months.  
 
3.2.3b  Growth 
Fish were aged by counting the number of annual rings present in 5 intact (i.e. not regrown) 
scales under a dissecting light microscope and the number of growth rings counted (Figure 
3.7). The number of males and females in each age class were compared against an expected 
50:50 ratio using a chi-squared test [Note: some length classes were combined to obtain an 
expected frequency of 5). The relationship between total length and age for was described 
using the von Bertalanffy growth equation, Lt = L∞[1-e-k(t- to)] (King, 2007), where Lt is total 
length (mm) at age t (years), k is the growth coefficient (year-1), L∞ is the asymptotic total 
length and to is the theoretical age at length zero (year). The equation was fitted using the 
non-linear curve fitting programme in SPSS v.22. The Phi Prime (Ø’) growth performance index 
was calculated for males, females and for both sexes combined from the von Bertalannfy 
growth constants using the following equation: Ø’ = log10K + 2 log10L∞ (Pauly and Munro, 1984) 
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Figure 3.7. Examples of scales from thick-lip grey mullet, Chelon labrosus of different ages 
(from 6 to 12 years old) in Northwest Wales.   
 
3.2.3c  Maturity 
Liver and gonad weights were expressed as a percentage of the body weight of the fish as the 
hepatosomatic index (HSI) and gonadosomatic (GSI) index respectively using the following 
equations, HSI = 100.Lw/W and GSI = 100.Gw/100 where Lw is Liver weight, Gw is Gonad weight 
and W is the total body weight (all g) respectively. Differences in HSI and GSI between males 
and females in any given month were compared using a two sample t-test or Mann-Whitney 
U-test and monthly changes in HSI and GSI for either male of female fish were examined using 
a one-way ANOVA with post-hoc comparisons made using Tamhane’s T2 test. 
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3.2.3d  Fecundity 
Absolute fecundity (AF), which is the total number of eggs in the ovaries of a fish prior to 
spawning (Bagenal, 1978) was estimated in 21 ripe (i.e. Stage IV) females by the following 
procedure, Samples of ca. 1 g of eggs were taken from five locations in the front, middle and 
back parts of the ovaries and the number of eggs in a 200 mg subsample from each of these 
samples were counted using a dissecting microscope. The average number of eggs 200 mg-1 
was calculated and multiplied by 5 to calculate the average relative fecundity (number of eggs 
g-1 gonad) and this number multiplied by gonad weight to determine absolute fecundity 
(number of eggs per female) (Kendall and Gray 2008; González-Castro and Minos, 2016). The 
relationship between absolute fecundity (AF, number of eggs) and body weight (W, g) was 
described using a power function, AF = aWb (Bagenal, 1978) and a and b are constants. 
 
3.2.3e  Feeding 
The gut content data were analysed to determine feeding activity and the relative importance 
of different food items to the diet. The feeding activity for each month and for all data 
combined, was examined by calculating the percentage of fish in a sample with food items in 
the gut (i.e. 100*[number of fish with food items in gut/total number of fish in the sample]). 
The relative importance of different food items was determined by calculating the following 
indices: 
 
a) Frequency of Occurrence (Oi),  
Gut contents were examined, sorted and identified (see above) and the frequency of 
occurrence of each food item was expressed as a percentage of the total number of guts 
examined using the following equation: Oi = 100.Ji/P where J is the number of fish containing 
prey item i and P is the total number of fish with food in their gut. (Hynes, 1950; Hyslop, 1980; 
Xie et al., 2000).  
 
b) Relative Food Volume (Pα)   
A volumetric method, using a relative points system, was applied to each food item in the 
stomach by allocating a number of points based on its volume (Bagenal, 1978; Hyslop, 1980). 
The diet component with the highest volume was allocated 16 points and the other 
components were awarded 16, 8, 4, 2, 1 or 0 points depending on their volume relative to the 
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component with the highest volume. Percentage volumes within each subsample were 
calculated using the following equation: Pα (%) = 100.(Σpointsα/ΣTotal points) where pointsα 
is the total number of points allocated to gut component α in the sample of fish and Total 
points is the total number of points allocated to the sample of fish This method has proven 
useful for analyzing omnivorous and herbivorous fish (Bagenal, 1978; Hyslop, 1980) and has 
been used in previous studies on the feeding ecology of Mugilid species (e.g. Islam and Khalaf, 
1982; Blay, 1995; Naama and Muhsen, 1986; Soyinka, 2008; Tulkani, 2008; Al Shamma’a et al. 
2012 Mondal and Mitra, 2016; Mondal et al. 2016). 
 
c) ) Index of preponderance (IP) 
This index, devised by Natarajan and Jhingran (1961), was used to provide a summary picture 
of the relative importance of dietary items by considering their frequency of occurrence 
within the sample as well as their volume within the gut. IP was calculated as follows: 
IP = 100 x (Oi x Vi)/ Σ(Oi x Vi) 
where Oi is the frequency of occurrence and Vi is the average volume for a given food item in 
the gut.   
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3.3 Results 
 
3.3.1 Fish Composition and Occurrence 
 
A total of 373 Chelon labrosus, were collected from a range of sampling locations in Northwest 
Wales: Southwest Anglesey, Conwy estuary and various locations along the north coast of the 
Llŷn Peninisula (Foryd, North Llŷn – Dinas Dinlle and Abderdesach, Trefor and Morfa Nefyn) 
between January 2014 and December 2015 comprising of 169 male and 205 female fish (Table 
3.7).  
 
Table 3.7. Summary of the number of Chelon labrosus collected from different locations in 
Northwest Wales. Data are presented for the number (N) and percentage (%) of the overall 
total for males, females and for both sexes combined sexes. See Figure 3.4 for approximate 
collection locations. 
 
Locations Male (N) % Female (N) % Total (N) % 
Southwest Anglesey 36 21.4 43 21.0 79 21.2 
Conwy 34 20.2 44 21.5 78 20.9 
North Llŷn 43 25.6 59 28.8 102 27.3 
Trefor 28 16.7 28 13.7 56 15.0 
Morfa Nefyn 8 4.8 5 2.4 13 3.5 
Foryd 19 11.3 26 12.7 45 12.1 
Total 168  205  373  
 
 
3.3.2 Length-frequency distributions 
 
The monthly total length frequency distributions for male and female Chelon labrosus 
sampled between January 2014 and December 2015 are presented in Figures 3.8 and 3.9 with 
the overall total length frequency distributions for males, females and for both sexes 
combined summarised in Figure 3.10 and Tables 3.8. The total lengths (TL, mm) of most mullet 
collected in 2014 and 2015 ranged from 373 – 580 mm for males and 380 – 680 mm for 
females with a small number of male (n = 4; 115-170 mm) and female (n=1; 160 mm) fish  
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Figure 3.8. Total length- frequency distributions (n, number of fish) within 25 mm size classes for male and female Chelon labrosus from various 
locations sampled in 2014 in Northwest Wales. 
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Figure 3.9. Total length- frequency distributions (n, number of fish) within 25 mm size classes for male and female Chelon labrosus from various 
locations sampled in 2015 in Northwest Wales. 
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Figure 3.10. Percentage total length- frequency distributions, within 25 mm size class, for 
male and female Chelon labrosus sampled from various locations in Northwest Wales in 2014-
2015. 
 
 
collected in April 2015. Examination of the length-frequency distributions for the male and 
female fish showed that the majority of male fish sampled were between 401 and 525 mm TL 
(79.9 % of  the sample) with the  modal size  class  of 476-500 mm containing 19.3% of the 
male fish collected and the majority of female fish sampled were between 426 and 500 mm 
TL (70.7% of the sample) with a modal size class of 476-500 mm TL containing 21.5% of female 
fish sampled (Figure 3.10; Table 3.8). A small number of juvenile mullet were collected in April 
2015 (Figures 3.10 and 3.11). Chi-squared tests showed that more female fish were present 
amongst mullet > 526 mm TL (p = 0.001-0.008) with males tending to predominate in the 
smaller sizes, but not significantly so (with the exception of the 451-475 TL size class) (Table 
3.8 and Figure 3.10).   
 
3.3.3 Length/weight relationship  
The mean size data (Total Length, TL, mm; Total Weight, TW, g) for the male and female grey 
mullet sampled in 2014 and 2015 are presented in Tables 3.9 and 3.10 respectively. In general, 
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female mullet tended to be larger and heavier than the males in the monthly samples but 
only significantly so in 4/8 monthly comparisons in 2014 (Table 3.9) and 4/11 monthly 
comparisons in 2015 (Table 3.10). Overall, when the size data for all months were combined, 
females were significantly larger than males in both years (Tables 3.9 and 3.10) and for both 
years combined (TL, t351 = -4.09, p < 0.001; TW, t351 = -3.59, p < 0.001) where the average sizes 
of males and females sampled were 464 ± 69 mm TL and 492 ± 61 mm TL (and 1223.4 ± 484.0 
g TW and 1434.6 ± 596.3 g TW respectively.  
 
Table 3.8. Length-frequency distributions and sex ratios (Males: Females) within 25 mm Total 
Length (mm) classes for thick-lip grey mullet Chelon labrosus in Northwest Wales . The X2 test 
compares the number of male and female fish in each size class against an expected 50:50 
distribution. [Note: the first size classes are combined for the X2 test to generate an expected 
frequency of > 5). 
 
 
Length 
Class (mm) 
Male Female 
Sex ratio 
♂ : ♀ 
Χ2 P 
> 351-375 7 
(4.1 %) 
1 
(0.5 %) 
7 - - 
376-400 
 
6 
(3.5 %) 
7 
(3.4 %) 
0.86 1.19a 0.28 
401-425 
 
23 
(13.6 %) 
21 
(10.2 %) 
1.10 0.09 0.76 
426-450 
 
28 
(16.6 %) 
25 
(12.2 %) 
1.12 0.17 0.68 
451-475 
 
27 
(16.0 %) 
10 
(4.9 %) 
2.70 7.81 0.005 
476-500 
 
33 
(19.5 %) 
44 
(21.5 %) 
0.75 1.57 0.21 
501-525 
 
24 
(14.2 %) 
31 
(15.1 %) 
0.77 0.89 0.35 
526-550 
 
16 
(9.5 %) 
35 
(17.1 %) 
0.46 7.08 0.008 
551-575 
 
4 
(2.4 %) 
20 
(9.8 %) 
0.20 10.67 0.001 
<576-600 
 
1 
(0.6 %) 
11 
(5.4 %) 
0.09 8.33 0.004 
Total 168 205 0.82 3.67 0.06 
 
a =test based on sample sizes including the previous smaller size class 
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The length-weight relationships for male and female fish and for both sexes combined are 
presented in Figures 3.11 and 3.12. As expected, the relationships between total length and 
total weight were curvilinear. The plots indicate that Chelon labrosus caught in the autumn 
and winter months tended to be heavier for their length compared to fish caught at other 
times of the year, especially during the spring months as these fish were caught after the 
spawning season and the observed differences in TW are due to the changing size of the 
gonads and loss of condition after spawning (see sections 3.3.4 and 3.3.9).  
 
Table 3.9. Average size (Total Length, TL, cm; Total Weight, TW, g) of thick-lip grey mullet 
Chelon labrosus in Northwest Wales sampled between January 2014 and December 2014. 
Differences in average size between males and females in any month are analysed using a 
two sample t-test, except * = Mann Whitney U test. [Note: comparisons between males and 
females are not conducted for some months where sample sizes are too small]. 
 
 
Month 
 
Sex 
 
N 
 
TL (mm) 
 
P 
 
TW (g) 
 
P 
 
Jan 2014 
 
Male 
Female 
1 
1 
511 
491 
- 1491 
1349 
- 
Feb 2014 
 
Male 
Female 
10 
8 
423 ± 27 
464 ± 42 
0.02 753.6 ± 131.2 
1073.8 ± 302.1 
0.02 
Mar 2014 
 
Male 
Female 
5 
6 
480 ± 20 
498 ± 47 
0.44 1133.6 ± 183.8 
1270.0 ± 347.2 
0.45 
Apr 2014 
 
Male 
Female 
9 
11 
477 ± 24 
546 ± 35 
< 0.001 1085.7 ± 159.5 
1547.0 ± 250.3 
< 0.001 
May 2014 
 
Male 
Female 
13 
23 
480 ± 49 
491 ± 39 
0.45 1096.1 ± 246.4 
1240.9 ± 282.6 
0.13 
July 2014 Male 
Female 
7 
19 
410 ± 19 
423 ± 25 
0.23 880.1 ± 126.8 
907.9 ± 186.5 
0.72 
Oct 2014 Male 
Female 
26 
20 
496 ± 33 
537 ± 38 
< 0.001 1623.6 ± 338.1 
2067.3 ± 389.1 
< 0.001 
Nov 2014 
 
Male 
Female 
13 
26 
530 ± 33 
541 ± 34 
0.38 1905.3 ± 331.7 
1986.9 ± 387.5 
0.52 
Dec 2014 Male 
Female 
12 
15 
496 ± 28 
533 ± 58 
0.053 1527.1 ± 259.6 
2000.6 ± 795.7 
0.02* 
Combined Male 
Female 
96 
129 
482 ± 46 
506 ± 57 
< 0.001 1356.1 ± 451.8 
1576.6 ± 595.4 
0.006* 
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Table 3.10. Average size (Total Length, TL, cm; Total Weight, TW, g) of Chelon labrosus in 
Northwest Wales between January 2015 and December 2015. Differences in average size 
between males and females in any month are analysed using a two sample t-test, except * = 
Mann Whitney U test. [Note: comparisons between males and females are not conducted for 
some months where sample sizes are too small]. 
 
Month Sex N TL (mm) P TW (g) P 
Jan 2015 
 
Male 
Female 
4 
5 
449 ± 18 
476 ± 17 
0.04 
1062.7 ± 27.5 
1238.4 ± 170.0 
0.17 
Feb 2015 
 
Male 
Female 
1 
2 
415 
479 ± 83 
- 
696.0 
1242.6 ± 741.8 
- 
Mar 2015 
 
Male 
Female 
9 
13 
462 ± 43 
492 ± 23 
0.045 
1103.3 ± 356.4 
1307.7 ± 224.2 
0.11 
Apr 2015 
 
Male 
Female 
12 
14 
327 ± 136 
423 ± 81 
0.02* 
491.9 ± 366.0 
820.3 ± 339.7 
0.02* 
May 2015 
 
Male 
Female 
10 
9 
425 ± 17 
431 ± 24 
0.49 
746.3 ± 77.5 
781.8 ± 92.8 
0.38 
July 2015 
 
Male 
Female 
5 
1 
461 ± 25 
482 
- 
1117.8 ± 89.7 
1247.0 
- 
Aug 2015 
 
Male 
Female 
10 
7 
481 ± 43 
510 ± 29 
0.15 
1302.2 ± 455.2 
1502.0 ± 286.8 
0.32 
Sept 2015 
 
Male 
Female 
2 
3 
500 ± 14 
461 ± 72 
- 
1565.0 ± 69.3 
1225.3 ± 505.5 
- 
Oct 2015 Male 
Female 
10 
9 
482 ± 34 
521 ± 40 
0.03 
1425.2 ± 351.2 
1772.4 ± 440.9 
0.07 
Nov 2015 
 
Male 
Female 
7 
9 
487 ± 22 
504 ± 56 
0.43 
1489.7 ± 238.3 
1595.9 ± 513.6 
0.59 
Dec 2015 
 
Male 
Female 
2 
4 
478 ± 67 
538± 52 
- 
1003.0 ± 1966 
2042.7 ± 575.1 
- 
Combined Male 
Female 
72 
76 
442 ± 82 
478 ± 61 
0.002* 
1078.2 ± 467.8 
1291.1 ± 509.5 
0.009 
  
   
In order to describe the length-weight relationships for thick-lip grey mullet, the data for each 
month/year were combined for male fish and female fish and the data Ln-transformed to 
linearise the data and the plots are presented in Figure 3.13 with the regression data 
presented in Table 3.11. The slope values (b, the weight exponent) were 3.36 for males, 3.28 
for females and 3.32 for both sexes combined (Table 3.11a) indicating positive allometric 
growth for both males and females. Comparing the slopes of the two LnTL-LnTW regression 
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lines using a general linear model (GLM) indicated that the b-values for male and female 
mullet were similar (LnTL*Sex; F1,369 = 0.003, p = 0.33). However, it is possible that the 4 small 
outlying male fish and one outlying female fish (see Figure 3.13) may have exerted strong 
leverage on the regression analysis, therefore, the regressions were repeated excluding these 
5 fish. The slope (b) and intercept (Ln[a]) values for the re-analysed data were very close to 
the initial values (Table 3.11b) and GLM of the two LnTL-LnTW regression lines indicated that 
the b-values for male and female mullet were similar (LnTL*Sex; F1,364 = 1.41, p = 0.24). This 
analysis indicated that the small juvenile mullet, although outliers from the main data set, 
were not influencing the calculated TL-TW relationships. 
 
Table 3.11. Constants for the regression analyses conducted on the Ln-transformed length-
weight relationships [LnTW = Ln (a) + b*LnTL] for Chelon labrosus from Northwest Wales 
sampled between January 2014 and December 2015. Regression data are presented for male 
and female C. labrosus separately and for both sexes combined (a) including and (b) excluding 
the small juvenile fish collected (see Figure 3.13). 
 
 
Sex 
 
 
N 
 
a 
 
b 
 
r2 
 
P 
(a)       
 
Male 
 
Female  
 
Combined 
 
168 
 
205 
 
373 
 
0.0027 
 
0.0034 
 
0.0030 
 
3.36 
 
3.28 
 
3.32 
 
0.962 
 
0.917 
 
0.948 
 
< 0.001 
 
< 0.001 
 
< 0.001 
 
(b)       
 
Male 
 
Female  
 
Combined 
 
164 
 
204 
 
368 
 
0.0023 
 
0.0035 
 
0.0030 
 
3.42 
 
3.25 
 
3.32 
 
0.856 
 
0.879 
 
0.880 
 
< 0.001 
 
< 0.001 
 
< 0.001 
 
 
 
 Chapter 3: Population Biology of the thick-lip grey mullet 
 
168 
 
 
Figure 3.11. Length-weight relationships for Chelon labrosus from Northwest Wales sampled 
between January 2015 and December 2015. Fish caught in different months are indicated by 
the different coloured circles. Data are presented for (a) males, (b) females, (c) males and 
females combined. 
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Figure 3.12. Length-weight relationships for Chelon labrosus from Northwest Wales sampled 
between January 2015 and December 2015. Data are presented for (a) males, (b) females, (c) 
males and females combined. 
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Figure 3.13. LnLength-LnWeight (TL:TW) relationships for (a) males, (b) females and (c) for 
both sexes combined for Chelon labrosus from Northwest Wales sampled between January 
2015 and December 2015. The regression data are presented in Table 3.9. 
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3.3.4 Condition Factor 
The monthly Fulton’s Condition Factor values for male, female Chelon labrosus and for both 
sexes combined are presented in Table 3.12 and Figure 3.14. Before analysis, data collected 
from the same month in 2014 and 2015 were combined to increase the sample sizes for 
statistical analysis and because condition factor is known to exhibit seasonal cycles in fishes. 
To examine any potential differences in condition factor, comparisons were made between 
male and female fish in any given month and, in addition, the change in condition factor over 
the twelve month cycle was examined for male and female mullet separately.  
      Monthly average Fulton’s Condition factor values ranged between 0.0100 (October) and 
0.0131 (May) for males between 0.0100 (March) and 0.0130 (August) for females (Table 3.12). 
In general, condition factor values were similar (p > 0.05) between males and females in most 
months except October and November when values were significantly different (p < 0.001) 
between the sexes with a higher value recorded for females in October and a higher values 
for males in November (Table 3.12). Overall, over the two year sampling cycle, the average 
Fulton’s Condition Factor values for male and female thick-lip grey mullet were similar (Table 
3.12). 
     Monthly changes in Fulton’s Condition factor for male and female thick-lip grey mullet are 
presented in Figure 3.14. Significant differences over time were observed for both male 
(ANOVA, F9,156 = 17.83, p < 0.001)  and female (ANOVA, F10,194 = 14.26, p < 0.001) fish. Figure 
3.14 indicates that peak condition (i.e. the highest values) for both sexes were observed 
during the summer months (May, July, August) and in December with the lowest values 
tending to be observed during the winter months (January-March) and in October. Post-hoc 
comparisons of monthly condition factor values for both male and female mullet (Tables 3.13 
and 3.14) indicated the following patterns. For male fish, 14/18 (i.e. 78 %) pairwise 
comparisons between the condition factor values recorded in January-March were 
significantly (p < 0.05) lower than those recorded between May and December (Table 3.13). 
In addition, the condition of male mullet in October was significantly (p < 0.05) lower in 6/9 
(i.e. 67 %) comparisons with the other months sampled (Table 3.13).  For female fish, 12/21 
(i.e. 57 %) pairwise comparisons between the condition factor values recorded in  
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Table 3.12. Monthly Fulton’s Condition Factor [CF, TW(g)/TL3 (cm)] for male and female 
Chelon labrosus in Northwest Wales sampled between January 2014 and December 2015. 
Differences in average Condition Factor between males and females in any month are 
analysed using a two sample t-test, except * = Mann Whitney U test. [Note: no fish were 
collected in June and samples sizes in September were too small for statistical comparison]. 
 
Month Sex N CF p 
January Male 
Female 
5 
6 
0.0101 ± 0.0007 
0.0106 ± 0.0009 
0.29 
February Male 
Female 
11 
10 
0.0101 ± 0.0006 
0.0101 ± 0.0011 
0.94 
March Male 
Female 
14 
19 
0.0101 ± 0.0012 
0.0100 ± 0.0011 
0.53* 
April Male 
Female 
21 
26 
0.0117 ± 0.0018 
0.0110 ± 0.0012 
0.17 
May Male 
Female 
23 
31 
0.0131 ± 0.0011 
0.0127 ± 0.0014 
0.38* 
June Male 
Female 
- - - 
July Male 
Female 
12 
20 
0.0126 ± 0.0007 
0.0127 ± 0.0010 
0.92* 
August Male 
Female 
10 
7 
0.0123 ± 0.0008 
0.0130 ± 0.0011 
0.13 
September Male 
Female 
2 
3 
0.0109 ± 0.0004 
0.0114 ± 0.0008 
- 
October Male 
Female 
36 
29 
0.0100 ± 0.0013 
0.0113 ± 0.0014 
< 0.001 
November Male 
Female 
20 
35 
0.0119 ± 0.0015 
0.0105 ± 0.0012 
< 0.001 
December Male 
Female 
14 
19 
0.0127 ± 0.0007 
0.0125 ± 0.0011 
0.70 
Combined Male 
Female 
168 
205 
0.0114 ± 0.0017 
0.0114 ± 0.0016 
0.99 
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Figure 3.14. Monthly changes in Fulton’s Condition Factor [CF, TW(g)/TL3 (cm)] for male and female Chelon labrosus in Northwest Wales sampled 
between January 2014 and December 2015. Data are presented as Mean values ± SD. The spawning period (defined as time of year when gonad 
size/condition are greatest) is indicated by the horizontal red arrow.         
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Table 3.13. Results of post-hoc comparisons between months to determine where significant 
differences in Fulton’s Condition Factor [CF, TW(g)/TL3 (cm)] are reported for (a) male and (b) 
female Chelon labrosus following a significant ANOVA. Comparisons were made using 
Tamhane’s T2 test. Significant differences (p < 0.05) are indicated in yellow and non-
significant differences (p > 0.05) are indicated in light grey. The months highlighted in green 
indicate the spawning period as determined from gonad size/condition. [Note that for males, 
14/18 pairwise comparisons between the months January – March and May – December and 
6/9 pairwise comparisons between October and all other months are significant; for females, 
12/21 pairwise comparisons between the months February – April and May – December are 
significant.] 
a) 
Month Jan. Feb. Mar. Apr. May July Aug. Oct. Nov. Dec. 
Jan.           
Feb.           
Mar.           
Apr.           
May.           
July           
Aug.           
Oct.           
Nov.           
Dec.           
 
b) 
Month Jan. Feb. Mar. Apr. May July Aug. Oct. Nov. Dec. 
Jan.           
Feb.           
Mar.           
Apr.           
May.           
July           
Aug.           
Oct.           
Nov.           
Dec.           
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February-April were significantly (p < 0.05) lower than those recorded between May and 
December (Table 3.14), in particular those months with peak condition factor values (May, 
July, August, December). The months October – December fall with the spawning period for 
Chelon labrosus in North West Wales (see section 3.3.9) and therefore peak condition is 
observed to occur in the summer months (May-August) leading up to spawning and at the 
end of the spawning period (December).  
 
3.3.5 Morphometric relationships 
The relationships between Total Length (TL) and Standard Length (SL) for mullet in Northwest 
Wales are shown in Figure 3.15 with the regression details presented in Table 3.14. The slope 
values indicated that SL represented 92% of the total length of the fish with GLM indicating 
that the slopes of the TL:SL regression for male and female fish were similar (F1,369 = 1.40, p = 
0.24).  
 
Table 3.14. Regression lines (Y = a + bX) describing the relationships between Total Length 
(mm) and (a) Standard Length (mm) and (b) LnMouth Area (LnMA, mm2) for male and female 
Chelon labrosus in Northwest Wales sampled between January 2014 and December 2015. 
[Note: regression analysis for MA, excludes the 5 juvenile fish caught in April 2015]. 
 
 
Sex 
 
 
N 
 
a 
 
b 
 
r2 
 
P 
(a) SL 
     
Male 168 0.821 0.912 0.995 < 0.001 
Female 205 3.004 0.921 0.993 < 0.001 
Combined 373 1.276 0.917 0.994 < 0.001 
(b) LnMA 
     
Male 164 4.168 0.0040 0.663 < 0.001 
Female 204 4.254 0.0038 0.717 < 0.001 
Combined 368 4.242 0.0038 0.702 < 0.001 
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Figure 3.15. Total Length (TL) & Standard Length (SL) relationships for Chelon labrosus 
sampled between January 2014 and December 2015 from Northwest Wales, Data are 
presented for (a) males, (b) females and (c) both sexes combined. 
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     The relationships between Total Length (TL) and Mouth Area (MA) for Chelon labrosus are 
shown in Figure 3.16 with the regression details presented in Table 3.14. Data were Ln-
transformed to linearise the data and the five juvenile mullet caught in April 2015 excluded 
from the regression analysis (Figure 3.16). GLM indicated that the slopes of the TL:Ln[MA] 
regressions for male and female fish were similar (F1,364 = 0.62, p = 0.43) although Figure 3.16 
indicates variation in mouth size between individuals with a similar Total Length. 
     The relationships between Total Length (TL) and Eye Diameter (ED) for thick-lip grey mullet 
in Northwest Wales are shown in Figure 3.17 with the regression details presented in Table 
3.15. Regression analyses were conducted both including and excluding (Table 3.13a) the data 
for the five juvenile mullet caught in April 2015 since these data points did not appear to fit 
linear model (see Figure 3.17). There were no differences in the TL:ED slope values between 
males and females when the juvenile fish were included (F1,369 = 1.19, p = 0.21) or excluded 
(F1,364 = 0.23, p = 0.63) (Table 3.15a), however, the regression analyses indicated that inclusion 
of the juvenile fish accounted for more of the variance (i.e. higher r2 values). 
     The relationships between Total Length (TL) and Body Depth (BD) for thick-lip grey mullet 
in Northwest Wales are shown in Figure 3.18 with the regression details presented in Table 
3.15. Regression analyses were conducted both including and excluding (Table 3.15b) the data 
for the five juvenile mullet caught in April 2015 since these data points did not appear to fit 
linear model (see Figure 3.18). There were no differences in the TL:BD slope values between 
males and females when the juvenile fish were included (F1,369 = 1.58, p = 0.21) or excluded 
(F1,364 = 3.00, p = 0.084) (Table 3.15b), however, the regression analyses indicated that 
inclusion of the juvenile fish accounted for more of the variance (i.e. higher r2 values). Figure 
3.18 indicates variation in body depth size between individuals with a similar Total Length and 
therefore the body depth data were examined by month to determine whether seasonal 
differences in body depth occurred as a result of the process of sexual maturation and the 
increase in gonad size increasing body depth in male and female thick-lip grey mullet.   
           Monthly average Body Depth values ranged between 87.1 mm  and (April) and 116.4 
mm (November) for male thick-lip grey mullet and between 92.8 mm (April) and 122.8 mm 
(October) for females (Table 3.16). In general, body depth of male and female thick-lip grey 
mullet were similar (p > 0.05) in most months except April, October and December when  
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Figure 3.16. Mouth area (mm2) and Total Length (mm) relationships for Chelon labrosus 
sampled between January 2014 and December 2015 from Northwest Wales, Data are 
presented for (a) males, (b) females and (c) both sexes combined.  
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Table 3.15. Regression lines (Y = a + bX) describing the relationships between Total Length 
(mm) and (a) Eye Diameter (ED, mm) and (b) Body depth (BD, mm) for male and female Chelon 
labrosus in Northwest Wales sampled between January 2014 and December 2015. Data are 
presented including (i) and excluding (ii) the 5 juvenile fish caught in April 2015. 
Eye Diameter  
 
Sex 
 
 
N 
 
a 
 
b 
 
r2 
 
P 
(i)       
Male 168 3.250 0.026 0.884 < 0.001 
Female 205 4.651 0.023 0.788 < 0.001 
Combined 373 3.916 0.025 0.845 < 0.001 
(ii)       
Male 164 5.339 0.022 0.739 < 0.001 
Female 204 5.040 0.023 0.750 < 0.001 
Combined 368 5.113 0.023 0.758 < 0.001 
 
Body depth   
 
Sex 
 
 
N 
 
a 
 
b 
 
r2 
 
P 
(i)       
Male 168 -15.45 0.247 0.821 < 0.001 
Female 205 -7.99 0.229 0.689 < 0.001 
Combined 373 -11.22 0.236 0.761 < 0.001 
(ii)       
Male 164 -21.93 0.261 0.695 < 0.001 
Female 204 -7.52 0.229 0.649 < 0.001 
Combined 368 -11.43 0.237 0.672 < 0.001 
 
 
values were significantly different (all p < 0.05) between the sexes with a higher value 
recorded for females (Table 3.14). Overall, over the two year sampling cycle, the average Body 
Depth values for female thick-lip grey mullet were significantly larger compared to males 
(Table 3.16). 
     Monthly changes in Body Depth for male and female are presented in Figure 3.19. 
Significant differences in Body Depth over time were observed for both male (ANOVA, F9,152 
= 23.52, p < 0.001)  and female (ANOVA, F9,191 = 35.53, p < 0.001) fish. Figure 3.19 suggests 
that maximum body Depth values for both sexes were observed during October/November 
with the lowest values observed in February and April/May. Post-hoc 
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Figure 3.17. Eye Diameter (mm) and Total Length (mm) relationships for Chelon labrosus 
sampled between January 2014 and December 2015 from Northwest Wales, Data are 
presented for (a) males, (b) females and (c) both sexes combined.  
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Figure 3.18. Body depth (mm) and Total Length (mm) relationships for Chelon labrosus 
sampled between January 2014 and December 2015 from Northwest Wales, Data are 
presented for (a) males, (b) females and (c) both sexes combined.  
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Table 3.16. Monthly body depth (BD, mm) for male and female Chelon labrosus in Northwest 
Wales sampled between January 2014 and December 2015. Differences in average body depth 
between males and females in any month are analysed using a two sample t-test. [Note: no 
fish were collected in June and samples sizes in September were too small for statistical 
comparison]. 
Month Sex N BD (mm) p 
January Male 
Female 
5 
6 
99.4 ± 7.5 
100.8 ± 4.1 
0.70 
February Male 
Female 
11 
10 
88.0 ± 6.2 
95.9 ± 9.6 
0.04 
March Male 
Female 
14 
19 
96.3 ± 8.9 
101.2 ± 7.5 
0.10 
April Male 
Female 
21 
26 
87.1 ± 9.1 
92.8 ± 11.4 
0.10 
May Male 
Female 
23 
31 
88.9 ± 8.3 
93.4 ± 8.7 
0.06 
June Male 
Female 
- - - 
July Male 
Female 
12 
20 
95.8 ± 5.8 
96.4 ± 7.8 
0.80 
August Male 
Female 
10 
7 
102.6 ± 14.7 
111.4 ± 11.0 
0.20 
September Male 
Female 
2 
3 
110.5 ± 3.5 
98.3 ± 19.8 
- 
October Male 
Female 
36 
29 
112.3 ± 10.7 
122.8 ± 10.5 
< 0.001 
November Male 
Female 
20 
35 
116.4 ± 9.1 
119.3 ± 9.8 
0.29 
December Male 
Female 
14 
19 
107.1 ± 8.2 
116.2 ± 14.1 
0.04 
Combined Male 
Female 
168 
205 
101.3 ± 14.1  
106.1± 15.6 
0.002 
 
 
comparisons of monthly body depth values for both male and female mullet (Tables 3.17) 
indicated the following patterns. For male fish, 14/24 (i.e. 58%) pairwise comparisons 
between the months October - December and all other months were significantly different (p 
< 0.05) with Body Depth greatest in October - December (Table 3.17a). In addition, the body 
depth of male fish in November was significantly larger in 6/9 (i.e. 67%) pairwise comparisons 
with other months (Table 3.17a). For female fish, 17/24 (i.e. 71%) pairwise comparisons 
between the months October - December and all other months were significantly different (p 
<  0.05).  In  addition,  the  body  depth  of  female  fish  in  October  and  November  were
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Figure 3.19. Monthly changes in Body Depth (mm) for male and female Chelon labrosus in Northwest Wales sampled between January 2014 and 
December 2015. Data are presented as Mean values ± SD. The spawning period (defined as time of year when gonad size/condition are greatest) 
is indicated by the horizontal red arrow. 
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Table 3.17. Results of post-hoc comparisons between months to determine where significant 
differences in Body Depth (mm) are reported for (a) male and (b) female Chelon labrosus 
following a significant ANOVA. Comparisons were made using (a) Tamhane’s T2 test and (b) 
Scheffe’s test. Significant differences (p < 0.05) are indicated in yellow and non-significant 
differences (p > 0.05) are indicated in light grey. The months highlighted in green indicate the 
spawning period as determined from gonad size/condition. [Note that for males, 14/24 
pairwise comparisons between the months October - December and all other months are 
significant (with 6/9 pairwise comparisons significant for November); for females, 17/24 
pairwise comparisons between the months October - December and all other months are 
significant (with 6/9 pairwise comparisons significant November)]. 
a) 
Month Jan. Feb. Mar. Apr. May July Aug. Oct. Nov. Dec. 
Jan.           
Feb.           
Mar.           
Apr.           
May.           
July           
Aug.           
Oct.           
Nov.           
Dec.           
 
b) 
Month Jan. Feb. Mar. Apr. May July Aug. Oct. Nov. Dec. 
Jan.           
Feb.           
Mar.           
Apr.           
May.           
July           
Aug.           
Oct.           
Nov.           
Dec.           
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significantly larger in 6/9 (i.e. 67%) pairwise comparisons with other months (Table 3.17b). 
The months October – December fall with the spawning period for Chelon labrosus in North 
West Wales (see section 3.3.9) and therefore maximum Body Depth was observed to occur in 
these months coinciding with peak gonad size during the spawning period (Figure 3.28). 
 
3.3.6 Age Frequency distributions 
 
The scale readings revealed that the ages of mullet ranged from 1 to 13 years old for males 
and 2 to 14 years for females (Table 3.18, Figure 3.20). However, very few young fish (i.e. < 7 
years) were sampled and the most fish were between 8 and 10 years for males (65.5 % of 
male fish) and between 8 and 12 years for female fish (82.5 % of female fish). The modal age 
classes were nine years for males and ten years for females, which accounted for 29.7% and 
17.6% of male and female fish respectively (Table 3.18, Figure 3.20).  
     Since the number of fish in some of the age groups (i.e. I to IV age classes) were too small 
for Chi-square analysis (i.e. expected frequencies were ≤ 5), these were combined in order to 
examine whether the number of males and females differed from a 50:50 expectation in each 
age class. Although males tended to be more abundant amongst 8 and 9 year old mullet and 
females tended to be more abundant amongst the older age classes (10 - 14 years old), Chi-
squared analysis indicated that females were significantly more abundant in the two oldest 
age classes (Table 3.18). Overall, whilst the number of female fish in the dataset was larger 
than the number of males, this was not significantly different from a 50:50 ratio at the 5% 
level (p = 0.055; Table 3.18). The age frequency distributions for male and female mullet in 
the monthly samples collected in 2014 and 2015 are presented in Figures 3.21 and 3.22 
respectively. The data suggest that a narrower range of age classes tended to be present in 
the catch during the summer months.  
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Table 3.18. Age-frequency distributions and sex ratios (Males : Females) for male and female 
Chelon labrosus in Northwest Wales sampled between January 2014 and December 2015. The 
χ2 test compares the number of male and female fish in each age class against an expected 
50:50 distribution. Significant differences are highlighted in bold.  
 
Age Male Female 
Sex ratio 
♂ : ♀ 
Χ2 P 
I 2 
(1.2%) 
0 - - - 
II 1 
(0.6 %) 
1 
(0.5 %) 
1 - - 
III 1 
(0.6 %) 
0 - - - 
VI 1 
(0.6 %) 
0 - - - 
VII 7 
(4.1 %) 
6 
(2.9 %) 
1.16 1.32a 0.25a 
VIII 37 
(22.1 %) 
33 
(16.1 %) 
1.12 0.23 0.63 
IX 50 
(29.7 %) 
34 
(16.6 %) 
1.47 3.05 0.08 
X 23 
(13.7 %) 
36 
(17.6 %) 
0.64 2.87 0.09 
XI 20 
(11.9 %) 
33 
(16.1 %) 
0.6 3.19 0.07 
XII 20 
(11.9 %) 
33 
(16.1 %) 
0.6 3.19 0.07 
XIII 6 
(3.6 %) 
25 
(12.2 %) 
0.24 15.11b < 0.001b 
XIV 0 4 
(2.0 %) 
- - - 
Total 168 205 0.82 3.73 0.053 
 
a =test based on sample sizes including the previous smaller size classes 
b = test based on sample sizes including the subsequent larger size class 
 
 
3.3.7 Sex Ratio 
In sections 3.3.3 and sections 3.3.6, the numbers of males and females in each 25 mm Total 
Length class (Table 3.8) and age group (Table 3.18) are presented. From these data the male: 
female sex ratio in each length class and age group can be calculated. In addition, the male: 
female sex ratios in each monthly sample were calculated and are presented in Figure 3.23 
and Table 3.19. Sex ratios (Males:Females) in each 25 mm TL class ranged between 0.09 to 7 
with males tending to be more abundant (but not significantly so) in TL size classes < 451mm  
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Figure 3.20. Age-frequency distributions for Chelon labrosus from Northwest Wales sampled 
between January 2014 and December 2015. Data are for all months combined and are 
presented for (a) males, (b) females and (c) both sexes combined. The sample sizes are 
indicated on each plot.  
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Figure 3.21. Monthly Age-frequency distributions for Chelon labrosus from Northwest Wales sampled between January and December 2014. 
Data are presented for males (blue bars) and females (orange bars). The sample sizes are indicated on each plot. 
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Figure 3.22. Monthly Age-frequency distribution for Chelon labrosus from Northwest Wales sampled between January and December 2015. 
Data are presented for males (blue bars) and females (orange bars). The sample sizes are indicated on each plot.
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Figure 3.23. The numbers of male and female Chelon labrosus sampled from Northwest Wales between between January 2014 and December 
2015. Data across both years were combined to provide larger sample sizes for analysis by Chi-square (Table 3.14) to examine seasonal 
differences in abundance in the catches. 
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TL (sex ratios between 0.85 and 6) and females being significantly more abundant in most size 
classes < 476 mm TL (sex ratios between 0.09 and 0.77) (Table 3.8). Sex ratios in the different 
age groups ranged between 0.24 and 1.5 with males tending to be more abundant (but not 
significantly so) in age classes ≤ 9 years old and females tending to be more abundant (but 
not significantly so) in age classes ≥ 10 years old (Table 3.18). Finally, female to male sex 
ratios were calculated for the monthly samples and were found to vary between 0.57 
(November) and 1.43 (August) (Figure 3.23, Table 3.19). However, male:female sex ratios 
were not significantly different from 1 for all months except November (p =0.04; Table 3.19). 
Overall, the male:female sex ratio in the dataset (0.86:1)  was not significantly different from 
50:50 (p = 0.06) with 168 males and 205 females. 
 
Table 3.19. The numbers of male and female and Sex ratio (♂: ♀) for thick-lip grey mullet 
Chelon labrosus from Northwest Wales sampled between January 2014 and December 2015. 
Data across both years (see Figure 3.23) were combined to provide larger samples sizes for 
analysis by Chi-square to examine seasonal differences in abundance in the catches The X2 
test compares the number of male and female fish in each month against an expected 50:50 
distribution.  
 
Month 
 
Male 
 
Female 
 
Sex ratio 
 
Χ2 
 
P 
 
January 5 6 0.83 0.09 0.76 
February 11 10 1.10 0.05 0.82 
March 14 19 0.74 0.15 0.70 
April 21 26 0.81 0.03 0.86 
May 23 31 0.74 1.19 0.28 
June - - - - - 
July 12 20 0.60 2.00 0.16 
August 10 7 1.43 0.18 0.67 
September 2 3 0.67 - - 
October 36 29 1.24 0.75 0.39 
November 20 35 0.57 4.09 0.04 
December 14 19 0.74 1.92 0.17 
Combined 168 205 0.82 3.67 0.06 
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3.3.8 Growth  
 
Length-frequency plots showing the increase in size of Chelon labrosus with increasing age 
group are presented in Figures 3.24 and 3.25. Von Bertalanffy growth curves (VBGC) were 
constructed for male, female and for both sexes combined and the constants derived from 
the Von Bertalanffy model are presented in Table 3.20. The asymptotic growth curves for C. 
labrosus males, females and combined are shown in Figure 3.26. The growth analysis indicated 
that female thick-lip grey mullet grow to a larger theoretical maximum size (L∞; cm) compared 
to males (♀ 89.1 cm vs. ♂ 74.5 cm) but exhibited lower growth constants compared to males 
(♀ 0.074 year-1 vs. ♂ 0.100 year-1) with growth coefficients (k; year-1) 0.074 compared to 0.100 
year-1 for males (Table 3.20). Phi prime (Ø’) values were calculated from the k and L∞ values 
and were 2.74, 2.77 and 2.76 for males, females and for both sexes combined, respectively 
(Table 3.20).  
 
Table 3.20. Summary table presenting the Von Bertalanffy growth constants and phi prime 
value (Ø’) for Chelon labrosus, from Northwest Wales sampled between January 2014 and 
December 2015. The constants are the theoretical maximum size (L∞. cm), the rate at which 
the maximum size is attained (k, year-1) and the theoretical age at zero length (to, years). 
Constants are presented describing the growth curves for males and females separately and 
for males and females combined.   
Sex N L∞ (cm) K (year-1) to (years) r2 p Ø’ 
Male 168 74.5 ± 3.5 0.100 ± 0.010 -0.600 ± 0.262 0.911 < 0.001 2.74 
Female 205 89.1 ± 7.8 0.074 ± 0.014 -0.869 ± 0.602 0.888 < 0.001 2.77 
Combined 373 83.9 ± 3.6 0.081 ± 0.007 -0.791 ± 0.257 0.902 < 0.001 2.76 
   Ø’ = log10K + 2 log10L∞ (Pauly and Munro, 1984) 
 
3.3.9 Reproduction 
In order to determine the timing of the spawning season for Chelon labrosus in Northwest 
Wales, data for both years were combined and the maturity status of the male and female 
fish in each month of the year for which data were available (i.e. excluding June) were 
determined in order to identify the months of the year when the gonads  
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Figure 3.24. Length frequency distributions for different age groups (1 to 14) years of male Chelon labrosus in Northwest Wales sampled 
between January 2014 and December 2015.
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Figure 3.25. Length frequency distributions for different age groups (1 to 14) years of female Chelon labrosus in Northwest Wales sampled 
between January 2014 and December 2015. 
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Figure 3.26. Von Bertalanffy growth plots for Chelon labrosus in Northwest Wales sampled 
between January 2014 and December 2015. Data are presented for (a) male, (b) female and 
(c) both sexes combined. 
 Chapter 3: Population Biology of the thick-lip grey mullet 
 
196 
 
of the male and female mullet were in ripe condition. In addition, data on liver weight and 
gonad weight were combined to examine the annual changes in the hepatosomatic and 
gonadosomatic indices (HSI and GSI, %, respectively) and changes over time on HSI and GSI 
were then compared with the changes in maturity status over time to confirm the seasonal 
reproductive cycle for Chelon labrosus in Northwest Wales.  
     Changes in the average monthly Hepatosomatic Index (HSI) values for male and female 
thick-lip grey mullet are presented in Table 3.21 and Figure 3.27. Mean monthly HSI values 
ranged from 1.34 % (March) to 3.36 % (September) of the total body weight for males and 
from 1.43 % (March) to 2.8 % (October) of the total body weight for females respectively 
(Table 3.21). Figure 3.27 shows the annual cycle in the size of the liver for both sexes, the 
general pattern was for HSI values for both sexes to be highest in August to October and 
lowest between February and April. Significant differences in monthly HSI values over time 
were observed for both male (F9,156  = 16.85, p < 0.001) and female (F9,192 = 13.85, p < 0.001). 
Post-hoc comparisons of the HSI values for male and female Chelon labrosus following the 
significant ANOVAs indicated the following patterns. Firstly, for male fish the higher HSI values 
observed between August and December tended to be significantly higher (p ≤ 0.05) than the 
values observed between January and July with 16/24 pairwise comparisons (i.e. 67%) 
between these months showing a significant difference (Table 3.22). Secondly, for females 
the HSI values recorded in March-April were significantly lower in 10/16 pairwise comparisons 
(i.e. 63%)  with the other months of the year (Table 3.22). The lowest HSI value observed for 
female mullet in March was significantly lower than that recorded for most other months of 
the year (7/9 pairwise comparisons, i.e. 78%) and the highest HSI value observed in October 
was significantly higher than that recorded for most other months of the year (6/9 pairwise 
comparisons, i.e. 67%) (Table 3.22).  
     Changes in the average Gonadosomatic Index (GSI) over a yearly cycle for male and female 
are presented in Table 3.21 and Figure 3.28. Mean monthly GSI values ranged from 0.27 % 
(February) to 5.65 % (December) of the total body weight for males and from 0.55 % (January) 
to 5.47 % (December) of the total body weight for females respectively (Table 3.21). Figure 
3.28 shows the annual cycle in the size of the gonads for both sexes, the general pattern was 
for GSI values for both sexes to be highest in October to December and lowest between 
January and April. Significant differences in monthly GSI values over time were observed for 
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both male (F9,156  = 45.53, p < 0.001) and female (F9,192 = 20.27, p < 0.001). Post-hoc 
comparisons of the GSI values for male and female Chelon labrosus following the significant 
ANOVAs indicated the same pattern with GSI values in October to November being 
significantly higher than most of the other months sampled (21/24 pairwise comparisons, i.e. 
88%, for males; 19/24 pairwise comparisons, i.e. 79%, for females) (Table 3.23).  
 
Table 3.21. Monthly values for Hepatosomatic index (HSI, %) and Gonadosomatic Index (GSI, 
%) for male and female Chelon labrosus from Northwest Wales sampled between January 
2014 and December 2015. Differences in average HSI or GSI between males and females in 
any month are analysed using a two sample t-test, except * = Mann Whitney U test. 
Month Sex N HSI (%) p GSI (%) p 
January Male 
Female 
5 
6 
1.78 ± 0.31 
1.98 ± 0.39 
0.39 
0.84 ± 0.39 
0.55 ± 0.14 
0.17 
February Male 
Female 
11 
10 
1.35 ± 0.51 
1.83 ± 0.73 
0.02* 
0.27 ± 0.13 
0.63 ± 0.30 
0.002 
March Male 
Female 
14 
19 
1.34 ± 0.33 
1.43 ± 0.25 
0.35 
0.29 ± 0.30 
0.62 ± 0.32 
0.004* 
April Male 
Female 
21 
26 
1.79 ± 0.43 
1.77 ± 0.37 
0.89 
0.79 ± 1.11 
0.90 ± 0.67 
0.13* 
May Male 
Female 
23 
31 
1.98 ± 0.39 
2.02 ± 0.41 
0.75 
1.31 ± 1.46 
1.00 ± 1.02 
0.20* 
June Male 
Female 
- - - - - 
July Male 
Female 
12 
20 
1.71 ± 0.27 
2.19 ± 0.68 
0.01 
0.36 ± 0.24 
2.32 ± 2.33 
< 0.001* 
August Male 
Female 
10 
7 
2.85 ± 0.61 
2.56 ± 0.30 
0.28 
0.66 ± 0.22 
0.73 ± 0.31 
0.59 
September Male 
Female 
2 
3 
3.36 ± 1.09 
2.41 ± 0.60 
- 
3.27 ± 0.79 
1.70 ± 2.01 
- 
October Male 
Female 
36 
29 
2.54 ± 0.50 
2.80 ± 0.34 
0.03 
4.87 ± 1.54 
3.52 ± 1.81 
0.02 
November Male 
Female 
20 
35 
2.23 ± 0.53 
2.13 ± 0.59 
0.59 
5.24 ± 2.09 
3.72 ± 2.31 
0.03 
December Male 
Female 
14 
19 
2.21 ± 0.49 
2.27 ± 0.50 
0.72 
5.65 ± 2.61 
5.47 ± 2.97 
0.86 
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Figure 3.27. Monthly changes in Hepatosomatic Index (HSI, %) for male and female C. labrosus from North West Wales sampled between January 
2014 and December 2015. Data are presented as mean values ± SD. The spawning period (defined as time of year when gonad size/condition 
are greatest) is indicated by the horizontal red arrow. 
 Chapter 3: Population Biology of the thick-lip grey mullet 
 
199 
 
Table 3.22. Results of post-hoc comparisons between months to determine where significant 
differences in arcsin-tranformed Hepatosomatic Index (HSI, %) are reported for (a) male and 
(b) female Chelon labrosus from Northwest Wales following a significant ANOVA. 
Comparisons were made using Tamhane’s T2 test. Significant differences (p < 0.05) are 
indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The 
months highlighted in green indicate the spawning period as determined from gonad 
size/condition (September is included in the table to indicate the start of the spawning season 
even though not included in the ANOVA analysis). [Note that for males, 16/24 pairwise 
comparisons between the months January – July and August – December are significant and 
for females, 7/9 pairwise comparisons between March and all other months and 6/9 pairwise 
comparisons between October and all other months are significant.] 
a) 
Month Jan. Feb. Mar. Apr. May July Aug. Sept. Oct. Nov. Dec. 
Jan.            
Feb.            
Mar.            
Apr.            
May.            
July            
Aug.            
Sept.            
Oct.            
Nov.            
Dec.            
 
b) 
Month Jan. Feb. Mar. Apr. May July Aug. Sept. Oct. Nov. Dec. 
Jan.            
Feb.            
Mar.            
Apr.            
May.            
July            
Aug.            
Sept.            
Oct.            
Nov.            
Dec.            
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 Figure 3.28. Monthly changes in Gonadosomatic Index (GSI, %) for male and female C. labrosus from North West Wales sampled between 
January 2014 and December 2015. Data are presented as mean values ± SD. The spawning period (defined as time of year when gonad 
size/condition are greatest) is indicated by the horizontal red arrow. 
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Table 3.23. Results of post-hoc comparisons between months to determine where significant 
differences in arcsin-tranformed Gonadosomatic Index (GSI, %) are reported for (a) male and 
(b) female Chelon labrosus from Northwest Wales following a significant ANOVA. 
Comparisons were made using Tamhane’s T2 test. Significant differences (p < 0.05) are 
indicated in yellow and non-significant differences (p > 0.05) are indicated in light grey. The 
months highlighted in green indicate the spawning period as determined from gonad 
size/condition (September is included in the table to indicate the start of the spawning season 
even though not included in the ANOVA analysis). [Note that for males, 21/24 pairwise 
comparisons between October – December and all other months are significant and for 
females, 19/24 pairwise comparisons between October – December and all other months are 
significant.] 
a) 
Month Jan. Feb. Mar. Apr. May July Aug. Sept. Oct. Nov. Dec. 
Jan.            
Feb.            
Mar.            
Apr.            
May.            
July            
Aug.            
Sept.            
Oct.            
Nov.            
Dec.            
 
b)  
Month Jan. Feb. Mar. Apr. May July Aug. Sept. Oct. Nov. Dec. 
Jan.            
Feb.            
Mar.            
Apr.            
May.            
July            
Aug.            
Sept.            
Oct.            
Nov.            
Dec.            
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In the present study, six stages of gonadal sexual maturity (see Tables 3.5 and 3.6 in Section 
3.2.2) were identified in male and female thick-lip grey mullet Chelon labrosus sampled from 
Northwest Wales: 
Stage I – Immature 
Stage II – Developing  
Stage III – Maturing 
Stage IV – Ripe 
Stage V – Spent  
Stage VI – Recovering/Resting  
For both sexes, an annual progression through stages of developing and maturing gonads to 
the ripe stage and then to the spent and recovering/resting stages was apparent and is shown 
in Figure 3.29. For both male and female Chelon labrosus, smaller immature fish were observed 
in the catches during the spring and summer months between February and August for males 
and between March and May for females with the peak occurrence of immature fish for both 
sexes (79% for males; 74% for females) occurring in March (Figure 3.29). Mullet in the 
developing stage of maturity were observed between March and August for males and 
between April and August for females with peak occurrence recorded in May for females 
(56%) and August for males (80%) (Figure 3.29). Maturing fish were recorded between April 
and November for both sexes with peak occurrence for both sexes occurring in September 
(100%), although the sample sizes for September are very small (Figure 3.29). For both male 
and female Chelon labrosus, ripe fish were observed between October and December 
accounting for 80-93% of male fish and 74-90% of females sampled in these months (Figure 
3.29). Spent fish were recorded in the monthly samples between November and February for 
both sexes with all fish sampled in January being ‘spent fish, although sample sizes were small 
and mature mullet in the recovering stage of maturity were recorded for both sexes in 
February-March with peak occurrence for both sexes in February (73% for males; 70% for 
females) (Figure 3.29). These cyclic changes in Hepatosomatic index (HSI) and Gonadosomatic 
Index (GSI), together with the observed changes in maturity status reported in the monthly 
samples provide evidence that the timing of spawning season for thick-lip grey mullet Chelon 
labrosus in Northwest Wales lasts from October to December. However, it is possible that the 
spawning season may start in September but the lack of samples collected in that month do 
not allow confirmation. 
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Figure 3.29. Monthly changes in maturity status (Immature, Developing, Maturing, Ripe, 
Spent and Recovering) for (a) male and (b) female C. labrosus from North West Wales sampled 
between January 2014 and December 2015.  Samples sizes are indicated on the top of the bar 
for each month and the percentage occurrence of each maturity stage are indicated by the 
numbers within the bar for each month.  
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3.3.10 Fecundity 
The fecundity of 21 females Stage V (ripe) Chelon labrosus ranging in size from 490 to 680 mm 
TL was assessed and the data are presented in Table 3.24. The number of eggs produced per 
gramme of gonad tissue ranged from 605 – 1542 eggs depending on fish size producing 
absolute fecundity values of between 66687 eggs and 555120 eggs per fish (Table 3.24). The 
average relative fecundity for the 21 female C. labrosus was 62 eggs g-1 Total Weight, and the 
relationship between Total Weight and fecundity (Figure 3.30) was best described by the 
following power function: 
F = 0.0021TW2.32 (r2 = 0.824, n = 21, p < 0.001) 
where F is absolute fecundity (number of eggs) and TW is total Weight (g). 
 
 
 
 
Figure 3.30. Absolute Fecundity-Weight relationship for female Chelon labrosus from North 
West Wales. 
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Table 3.24. Fecundity of Stage V (ripe) Chelon labrosus sampled from Northwest Wales. Data 
are presented for Total Length (TL, mm), Total Weight (TW, g), Gonad Weight (GW, g) and age 
(years) for 14 female fish together with their relative fecundity (number of eggs per 200 mg 
gonad subsample, per g gonad and per g TW) and absolute fecundity (Total number of eggs). 
 
Fish 
TL 
(mm) 
TW 
(g) 
GW 
(g) 
Age 
(years) 
Eggs 200 
mg-1 
subsample 
Eggs g-1 
gonad 
Total 
number of 
eggs 
Egg g-1 
TW 
1 490 1581 110.2 10 121 ± 7.3 605 66687 42.2 
2 500 1648 98.5 11 127 ± 2.9 635 62578 38.0 
3 520 1999 110.4 11 135 ± 2.9 675 74550 37.3 
4 530 1932 104.0 12 137 ± 2.5 685 71218. 36.9 
5 540 2208 127.9 12 147 ± 2.5 735 93992 42.6 
6 540 2066 182.2 12 148 ± 6.6 740 134850 65.3 
7 540 1881 132.4 12 151 ± 2.4  755 99948 53.1 
8 540 1995 105.4 12 157 ± 2.4 785 82742 41.5 
9 550 2236 160.4 13 158 ± 2.4 790 126684 56.7 
10 550 2397 140.9 12 161 ± 2.4 805 113458 47.3 
11 555 1905 121.4 12 166 ± 8.0 830 100787 52.9 
12 555 2004 112.0 13 170 ± 7.5 850 95186 47.5 
13 555 2092 109.6 13 174 ± 2.4 870 95292 45.6 
14 560 2113 187.7 13 190 ± 4.5 950 178287 84.4 
15 570 2405 106.6 13 196 ± 2.4 980 104507 43.5 
16 575 2428 118.4 13 217 ± 2.5 1085 1284301 52.9 
17 575 2618 190.8 13 220 ± 2.4 1100 209898 80.2 
18 580 2589 251.4 13 233 ± 2.4 1165 292902 113.1 
19 590 3128 230.5 13 250 ± 2.4 1250 288171 92.1 
20 600 2829 208.7 13 263 ± 2.4 1315 274483 97 
21 680 4351 360.0 14 308 ± 7.4 1542 555120 127.6 
Average 
557 ± 
39 
2305 ± 
601 
155.7 ± 
65.4 
12 ± 1 182 ± 49.6 
912 ± 
248 
154751  
± 116781 
61.8 ± 
26.7 
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3.3.11 Food and feeding 
 
The feeding activity of thick-lip grey mullet in terms of the percentage of fish in a monthly 
sample with food items in the gut remained high over the two year sampling period (Table 
3.25; Figure 3.31) with an average of 97 % of fish in a monthly sample with food items in the 
stomach (range 83.3 - 100 %). In contrast, for those mullet with food items in their gut, 
monthly changes in gut fullness were quite pronounced with clear seasonal peaks in gut 
fullness occurring in summer months (50-100% fullness) and virtually empty guts (ca. 10% 
fullness) occurring in the winter months (with the exception of November 2014) (Table 3.25; 
Figure 3.31). Overall, the data suggest that feeding activity, in terms of the number of fish 
with food items in their gut, tended to be higher in females compared to males (Figure 3.31). 
The average gut fullness vales for male and female Chelon labrosus over the two year 
sampling period were 34 and 45% respectively (Table 3.25). 
     Gut contents analysis (for males and females combined) were conducted by month, and 
for all the data combined over the two year sampling period to examine the relative 
contribution of various food items in terms of (a) the number of Chelon labrosus that had 
consumed that item (% Occurrence, %O), (b) the proportion (by volume) of gut contents 
comprised by these items, expressed using a points system (P%), and (c) the overall relative 
importance of each food item, expressed using the Index of Preponderance (IP). The %O and 
P% data are presented by month in Tables 3.26 and 3.27 respectively, with the monthly %O 
and P% data presented in Figures 3.32. In addition, the overall average %O and P% value for 
each gut item, together with the IP values (i.e. calculated from the 2 year dataset combined) 
are presented in Table 3.28. 
     The gut contents data indicate that the most commonly eaten items that could be 
identified each month, expressed as %O were algae/plants, diatoms, organic material and 
sand (note: sand is consumed during the process of feeding on other items, notably organic 
matter and diatoms). These gut items were the most commonly reported items in each month 
(Table 3.26; Figure 3.32a) and on average, these items were present in 64.9 % (algae/plants), 
23.6 % (diatoms), 37.0 % (organic material) and 56.2 % (sand) of the fish examined (Table 
3.28). In addition, Digested Food items, which could not be accurately identified as belonging 
to a specific taxa, also occurred in 10.4-18.0 % of the guts containing 
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Table 3.25. Monthly changes in feeding activity of male and female Chelon labrosus from 
Northwest Wales sampled between January 2014 and December 2015. Feeding activity is 
presented as the number and percentage of fish with food items present in the gut and the 
average gut fullness (%).     
Month Sex N Guts with 
Food (N) 
% of guts 
with food 
Average 
Fullness (%) 
2014      
January Male 
Female 
1 
1 
1 
1 
100 
100 
25.0 
25.0 
February Male 
Female 
10 
8 
10 
8 
100 
100 
29.5 
27.5 
March Male 
Female 
5 
6 
5 
5 
100 
83.3 
44.0 
45.0 
April Male 
Female 
9 
11 
9 
11 
100 
100 
38.9 
57.3 
May Male 
Female 
13 
23 
12 
22 
92.3 
95.6 
20.8 
33.7 
July Male 
Female 
7 
19 
7 
19 
100 
100 
100 
97.3 
October Male 
Female 
26 
20 
24 
19 
92.3 
95 
8.5 
5.3 
November Male 
Female 
13 
26 
13 
26 
100 
100 
65.4 
79.2 
December Male 
Female 
12 
15 
12 
15 
100 
100 
5.4 
12.3 
2015      
January Male 
Female 
4 
5 
4 
5 
100 
100 
28.8 
6.0 
February Male 
Female 
1 
2 
1 
2 
100 
100 
5.0 
5.0 
March Male 
Female 
9 
13 
9 
12 
100 
92.3 
25.0 
41.1 
April Male 
Female 
12 
14 
12 
14 
100 
100 
51.6 
82.5 
May Male 
Female 
10 
9 
10 
9 
100 
100 
65.0 
66.6 
July Male 
Female 
5 
1 
5 
1 
100 
100 
80.0 
100 
August Male 
Female 
10 
7 
10 
7 
100 
100 
55.0 
50.0 
September Male 
Female 
2 
3 
2 
3 
100 
100 
10.0 
6.6 
October Male 
Female 
10 
9 
10 
9 
100 
100 
9.5 
10.3 
November Male 
Female 
7 
9 
6 
8 
85.7 
88.8 
7.8 
11.6 
December Male 
Female 
2 
4 
2 
4 
100 
100 
7.5 
10.0 
Total Male 
Female 
168 
205 
164 
200 
97.6 
97.5 
34.2 
44.6 
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Figure 3.31. Monthly changes in (a) feeding activity, expressed as the percentage of fish with 
food items present in the gut and (b) gut fullness (%) for male and female thick-lip grey mullet 
Chelon labrosus from Northwest Wales sampled between January 2014 and December 2015. 
The ripeness and spawning period (as determined from gonad size/condition) is indicated by 
the horizontal red arrows. 
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food items (Table 3.26; Figure 3.32a) with an overall average occurrence of 14.3% (Table 
3.28). The presence of other food items, such as zooplankton, insects, crustaceans, snails and 
eggs and ‘others’ was less frequent, with monthly %O values of ca. 10 - 15 % for zooplankton 
and between 0 - 5 % for the remaining food items (Table 3.26; Figure 3.32a). On average, 
these gut items were present in 12.5 % (zooplankton), 0.8 % (insects), 1.2 % (crustaceans), 
1.4/% (snails and eggs) and 3.7 % (‘others’) of the fish examined (Table 3.28). Examination of 
the seasonal changes in % Occurrence of the two main food items in the gut, Algae/Plants 
and Organic matter, indicated a decrease in their occurrence with the onset of the spawning 
season (Figure 3.32a). 
     For those fish with food items in the gut, the proportion (by volume) of the gut contents 
comprised by each item, expressed using a points system (P%), are presented in Table 3.27 
and Figure 3.32b. The food items that accounted for the greatest gut volume each month 
were algae/plants, organic material and sand (note: sand is consumed during the process of 
feeding on other items, notably organic matter and diatoms) (Table 3.27; Figure 3.32b) and 
on average, these gut items accounted for 26.1 % (range 17.2 - 38.0%) for algae/plants, 21.2 
% (range 13.8 - 29.4%) for Organic matter and 24.6 % (range 14.6 - 37.3%) for sand in the fish 
examined (Tables 3.27 and 3.28). In contrast to the %O data, where diatoms were the third 
most common food item recorded as present in the gut, its relative contribution to gut 
volume was low (Figure 3.32b) accounting, on average, for only 4% (range 2.0 - 6.4%) of the 
gut volume (Tables 3.27 and 3.28). Digested food (unidentifiable to a specific taxa) accounted 
for 12.7% (Table 3.28) of the gut volume (range 5.8 - 17.9; Table 3.27). The remaining food 
items present in the gut - i.e. zooplankton, snails & eggs, insects and crustaceans - comprised 
a very small percentage of the gut volume usually accounting for < 5 % of the gut volume 
(Tables 3.27 and 3.28) with food items such as snails & eggs and insects exhibiting a seasonal 
gut presence in the spring/summer months (Table 3.27). 
     The relative importance of each food item to the diet of mullet in Northwest Wales was 
assessed using the Index of Preponderance (IP) and the average IP values, based on the two 
year sampling programme, are presented in Table 3.28. These data indicate that algae/plants, 
Sand and Organic matter were the major components of the gut contents with average IP 
values of 40.4, 33.0 and 18.7 respectively (Table 3.28). All other gut contents had   
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Table 3.26. Monthly changes in gut contents, expressed as % occurrence (% of fish with a 
given item in the gut, O%), for Chelon labrosus from Northwest Wales sampled between 
January 2014 and December 2015. [Codes: A&P = Algae & Plants; Dia. = Diatoms; Zoo. = 
Zooplankton; OM = Organic Material; S&E = Snails & Eggs; DigF = Digested food; In = Insects; 
Crust = Crustaceans; Others = other miscellaneous food items] 
Month A&P Dia. Zoo. OM S&E DigF In Crust Sand Others 
2014           
January 55.5 24.2 11.6 26.5 - 15.6 - 2.0 54.6 4.0 
February 62.0 25.5 12.1 26.1 2.1 15.5 - 1.2 59.5 4.0 
March 70.5 26.5 10.6 35.0 3.0 14.5 2.9 2.1 51.0 2.0 
April 73.1 26.0 12.9 36.1 3.5 10.4 3.1 2.7 57.3 3.0 
May 82.5 27.0 14.5 44.5 2.56 10.5 2.0 3.0 58.5 3.0 
July 86.5 26.6 16.0 53.5 1.0 11.0 1.0 1.5 59.0 2.0 
October 67.6 19.7 10.0 44.3 1.5 14.4 - - 55.5 4.9 
November 60.5 22.5 14.0 37.5 - 16.0 - 1.0 52.0 4.5 
December 46.4 21.6 9.6 30.4 - 18.0 - - 56.5 5.5 
2015           
January 48.0 20.7 12.9 29.0 - 17.4 - - 54.5 5.1 
February 50.5 24.0 13.5 26.5 0.9 14.0 - 1.9 52.6 4.0 
March 61.1 25.1 11.9 25.6 2.4 14.8 2.5 1.5 50.1 3.1 
April 75.7 23.0 14.4 36.1 3.1 12.3 1.0 1.5 58.9 2.0 
May 82.1 23.6 14.9 47.5 2.1 14.4 1.5 2.1 57.1 2.7 
July 85.2 27.3 14.6 55.1 1.7 11.4 1.2 1.1 58.0 2.5 
August 94.1 26.0 14.5 56.6 4.1 12.1 1.1 1.5 67.1 1.0 
September 49.1 22.3 11.6 38.1 1.0 14.9 - - 66.1 5.0 
October 49.5 20.5 10.3 32.2 - 15.9 - - 54.1 5.5 
November 47.6 20.2 10.1 33.4 - 16.3 - 0.5 55.7 4.3 
December 46.1 19.9 9.1 25.7 - 17.0 - - 44.6 5.5 
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Table 3.27. Monthly changes in gut contents, expressed using the Points (volumetric) method 
(P%) for Chelon labrosus from Northwest Wales sampled between January 2014 and 
December 2015. [Codes: A&P = Algae & Plants; Dia. = Diatoms; Zoo. = Zooplankton; OM = 
Organic Material; S&E = Snails & Eggs; DigF = Digested food; In = Insects; Crust = Crustaceans; 
Others = other miscellaneous food items] 
Month A&P Dia. Zoo. OM S&E DigF In Crust Sand Others 
2014           
January 18.8 3.3 2.4 29.4 - 15.4 - 3.1 26.4 1.1 
February 19.6 3.9 3.8 27.2 2.3 15.8 - 1.7 24.3 1.4 
March 30.4 3.7 3.5 15.1 3.1 14.6 5.0 3.2 20.1 1.4 
April 31.3 4.8 3.0 22.1 4.7 9.1 3.5 3.2 17.3 1.0 
May 27.4 4.0 3.6 19.8 3.0 10.2 3.2 3.1 23.6 2.1 
July 32.2 5.7 3.0 23.2 2.4 8.1 2.4 4.5 16.7 2.0 
October 30.7 4.5 3.0 21.4 2.5 14.6 - - 22.4 1.2 
November 19.6 4.5 4.1 20.1 - 15.6 - 3.2 31.5 1.6 
December 20.1 3.7 3.5 21.4 - 16.6 - - 33.3 1.6 
2015           
January 17.2 2.0 1.2 27.5 - 12.1 - - 37.3 2.8 
February 18.6 3.9 1.5 26.6 - 11.0 - 4.0 29.1 2.2 
March 30.2 2.5 2.9 16.1 4.1 5.8 4.1 5.8 27.8 2.9 
April 32.4 3.0 2.6 13.8 5.4 7.3 5.4 5.2 25.2 1.9 
May 32.9 3.9 2.0 16.4 3.2 10.2 3.2 3.6 19.8 2.8 
July 38.0 5.0 3.5 18.6 3.2 8.1 3.2 4.7 14.6 1.1 
August 35.3 6.4 4.9 17.9 2.6 13.1 2.6 3.1 14.45 1.1 
September 25.2 4.4 5.6 21.2 - 15.3 - - 24.3 2.8 
October 20.5 4.3 3.4 27.0 - 16.4 - - 25.0 3.5 
November 23.9 3.9 3.1 17.5 - 17.4 - 2.4 27.8 4.3 
December 17.5 3.0 1.5 22.8 - 17.9 - - 31.1 6.3 
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Figure 3.32. Monthly changes in feeding expressed as (a) percentage occurrence (%O, the 
percentage of fish with food items in their gut with a particular item present in their gut) and 
(b) the Points (volumetric) method (% P, the proportion by volume occupied by a particular 
item in the gut) for Chelon labrosus from Northwest Wales sampled between January 2014 
and December 2015. The spawning period (as determined from gonad size/condition) is 
indicated by the horizontal red arrow.  
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very low IP values (i.e. < 4) especially those food items which were consumed seasonally (e.g. 
snails, insects and crustaceans; Table 3.28).  
 
Table 3.28. The variations in gut contents of Chelon labrosus in Northwest Wales expressed 
using the Frequency of Occurrence (O %), Points (Volumetric) (P%) and Index of 
Preponderance (IP %) methods. 
 
Gut contents O% P% Ip% 
Algae & plants 64.9 26.1 40.4 
Diatoms 23.6 4.0 2.3 
Zooplankton 12.5 3.1 0.9 
Organic 
Material 
37.0 21.2 18.7 
Snails & eggs 1.4 1.9 0.07 
Digested food 14.3 12.7 4.3 
Insects 0.8 1.7 0.03 
Crustaceans 1.2 2.6 0.07 
Sands 56.2 24.6 33.0 
Others 3.7 2.3 0.2 
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3.4 Discussion  
The results of this chapter present the most recent detailed assessment of the population 
biology of thick-lip grey mullet Chelon labrosus. In comparison to other mugilid species, e.g. 
flathead grey mullet Mugil cephalus (see review by Whitfield et al., 2012) and abu mullet Liza 
abu (see Chapter 2), the population biology of the thick-lip grey mullet has been less well 
studied with the majority of studies conducted pre-1990 and summarised in the review by 
Quignard and Farrugio (1981) (see also Table 3.35). Studies on the population biology of 
Chelon labrosus have been conducted throughout most of the range for the species from 
North Africa (e.g. Morocco, Rossignol, 1951; Tunisia, Farrugio 1975), the Mediterranean (e.g. 
Ermen, 1961; Koutrakis and Sinis, 1994) and the Caspian Sea (Nikolskii, 1954) in the south of 
its range, to Ireland (e.g. Kennedy and Fitzmaurice (1969), Walsh et al. 1994) and 
England/Wales (Hickling, 1970) in the north. The population biology of the three grey mullet 
species native in the British Isles – thick-lip Chelon labrosus, thin-lip Liza ramada and golden 
Liza aurata - have been little studied with the majority of work conducted on Irish populations 
(Kennedy and Fitzmaurice, 1969; Grove, 1980; Fahy, 1979; Walsh et al., 1994; Richter, 1995) 
compared to England and Wales (Hickling, 1970; Claridge and Potter, 1985; Reay, 1987). In 
addition, data collected on L. ramada and L. aurata, collected during the present study 
(landed as misidentified C. labrosus) are presented for comparison. 
     As Table 3.3 indicates, size structure, length-weight relationships, age structure and growth 
(determined from length at age growth curves) have been the aspects that have been studied 
the most in population biology studies of Chelon labrosus with data on mortality, 
reproduction, and especially feeding, being less well studied in these reports. Since the 
present study provides data on all of these parameters, with the exception of mortality rate, 
it provides the first study of the population biology of thick-lip grey mullet since Richter (1995) 
and the most detailed study since Hickling (1970). In this section, the results of the present 
study on the population biology of Chelon labrosus will be discussed with reference to earlier 
studies on the species and on temperate marine populations of the other two UK grey mullet 
species, L. ramada and L. aurata. A more general and detailed discussion of the results of this 
chapter in comparison to other Mugilidae and with reference to teleost fish in general will be 
made in the General Discussion (Chapter 5).  
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3.4.1 Size and age structure of thick-lip grey mullet 
In the present study, fish collected from the Conwy estuary, southwest Anglesey and the 
north Llŷn Peninsula ranged between 1 and 14 years old in age and between 115 and 680 mm 
total length (TL), however the majority of fish were between 401 and 525 mm TL and between 
8 and 12 years old. The published data that could be found on the size and age of Chelon 
labrosus are presented in Table 3.29 for fish caught in coastal marine waters and in Table 3.30 
for fish caught in coastal lagoons.  Data for marine-caught temperate water populations of 
Liza aurata and L. ramada are presented in Table 3.31. The age and size range reported in the 
present study are within the ranges reported for Chelon labrosus caught in coastal waters 
where maximum ages of 12–23 years have been reported for Irish and UK thick-lip grey mullet 
(Table 3.29). In comparison, the age range tends to be smaller and the maximum age caught 
lower (4–9 years old) in lagoon-caught populations (Table 3.28). In addition, much of the data 
for Tables 3.29 and 3.30 have been sourced from the summary tables produced by Quignard 
and Farrugio (1981) who only report sizes at age data for age classes 1–9 and so it is not known 
whether age classes older than 9 years old were sampled in some studies (Rossignol, 1951; 
Ermen, 1961; Cassifour, 1975). Finally, the studies collated by Quignard and Farrugio (1981) 
in their review are all pre-1975 and are either published in PhD theses (e.g. Cassifour, 1975) 
or in journals that are not easily accessible online e.g. Bulletin de Institut Océanographie et 
Peche, Salammbo (e.g. Heldt, 1948; Farrugio and Quinard, 1974) Bulletin de la Société des 
Sciences de Bretagne (e.g. Thong, 1969) or Rapports et Proces-Verbaux des Reunions de la 
Commission Internationale pour l'Exploration Scientifique de la Mer Mediterranee (e.g. 
Morovic, 1960; Ermen, 1961). As a result, it was not possible to source the original papers in 
order to extract data on size ranges (length, weight) and age ranges in order to complete the 
data record presented in Tables 3.29 and 3.30. However, the available data indicate that our 
knowledge of the population biology in the UK for the three native grey mullet species (Chelon 
labrosus, Liza aurata and L. ramada) are limited compared data for more southerly 
populations for these species and  for other mullet species (see Crosetti and Blaber, 2016) 
and other temperate coastal marine species of commercial importance, e.g. sea bass 
Dicentrarchus labrax (Pickett and Pawson, 1994; Sánchez Vázquez and Muñoz-Cueto, 2014) 
and flatfish species (Gibson et al., 2015).  
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     The age ranges and maximum ages reported for Chelon labrosus in Table 3.29 indicate that 
it is a relatively long-lived mugilid species with maximum ages for marine-caught fish reported 
between 12 and 23 years old depending on the population. The life spans of short-lived 
mullets are reported to range between 4 – 6 years depending on species: keeled mullet Liza 
carinata (4 years: El-Ganainy et al., 2014), leaping mullet Liza saliens (6 years: Cardona, 1999; 
Katselis et al., 2002) and abu mullet Liza abu (6 years: Khalaf et al., 1986; Al-Asadiy et al., 
2000). Examples of other relatively long-lived mullet species include the golden grey mullet 
Liza aurata (8 – 14 years: Hotos and Katselis, 2011; Kraljević et al., 2011; Tulkani unpubl. 
2017), boxlip mullet Oedalechilus labeo (10 years; Matić-Skoko et al., 2012) and the lebranche 
mullet Mugil liza (11 years: Garbin et al., 2014). The maximum ages reported for mugilids are 
up to 30 years for white mullet Mugil curema (Gallardo-Cabello et al., 2005) and up to 58 
years for flathead grey mullet Mugil cephalus (Ibáñez-Aguirre et al., 1999), depending on the 
population studied. The ages of golden grey mullet and thin-lip mullet, caught in the present 
study as misidentified thick-lip grey mullet, ranged between 1–11 and 7–13 years respectively 
(Table 3.31). The available data for Northeast Atlantic populations for these species indicate 
that these species are not as long-lived or grow to as large a size as thick-lip grey mullet (Table 
3.29). However, data are lacking for golden grey mullet and thin-lip mullet in UK coastal 
waters (Hickling, 1970; Reay, 1987; Tulkani, unpubl.).  
     In the present study, thick-lip grey mullet were aged using scales (Figure 3.7). Most 
previous studies that have determined age in thick-lip grey mullet have also used scales (see 
Tables 3.29 and 3.30), although Moura and Gordo (2000) combined scale ageing with length 
frequency analysis (Bhattacharya’s method) to fit von Bertalanffy growth curves and scale 
ageing was combined with otolith ageing in the studies by Ermen (1961), Karvounaris (1963) 
and Kennedy and Fitzmaurice (1969). In addition, the opercular bone was used, as well as 
scales in ageing by Hickling (1970). 
     In mugilids both scales (e.g. Mhaisen and Al-Jaffery, 1989; Al-Asadiy et al., 2000; Abbas, 
2001; Kraïem et al., 2001; Gallardo-Cabello et al., 2005; Fazli et al., 2008;) and otoliths (e.g. 
Samad and Abbas, 2000; Katselis et al., 2002; Ünlü et al., 2010; El-Ganainy et al., 2014; Garbin 
et al., 2014; Ay and Özcan, 2016) have been used as the target structure for ageing purposes. 
The suitability of both structures for ageing has been examined by direct comparison for 
several mugilid species e.g. flathead grey mullet M. cephalus and white mullet M. curema 
(Ibáñez-Aguirre and Gallardo-Cabello, 1996; Ibáñez-Aguirre et al. 1999) and thin-
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Table 3.29.  A summary of the available data on the size and age of Chelon labrosus caught in the sea. Data are presented for minimum and 
maximum Total Length (TL, mm), body weight (W, g) and age (A, years), together with the most common size and age classes (where data are 
presented in the original reference; missing data are indicated by the horizontal dash, -). Fish aged using scales (SCL) or otoliths (OTO). * Original 
data reported as Standard Length and multiplied by 1.1 to convert to Total Length (Kennedy and Fitzmaurice, 1969). Data highlighted in grey are 
collated from Quignard and Farrugio (1981). ** only data for a maximum of 9 age classes are presented in the Quignard and Farrugio (1981) 
review. 
 
TLMin TLMax 
Most 
common 
TL range 
WMIn WMax AMIn AMax 
Most 
common 
age 
range 
Method Country Location Reference 
115 680 401- 525 14.1 4351 1 14 8 – 12 SCL Wales Northwest Wales This Study 
210 600 400 - 500 - - 5 23 10 - 15 SCL N. Ireland Strangford Lough Richter (1995) 
293* 519* 365 - 445* 299 2322 5 15 8 - 11 
SCL 
Ireland 
Colligan and 
Barnawee  
estuaries 
Walsh et al. (1994) 
90 499 200 - 350 5.2 2300 1 12 - SCL England &Wales mainly SW England Hickling (1970) 
89 475 - - 2665 1 17 - SCL & OTO Ireland 23 coastal locations  Kennedy & Fitzmaurice (1969) 
46 624 - - - 1 7 - SCL France  Brittany Thong (1969) 
132 656 - - - 1 9** - SCL & OTO Turkey Dardanelles Ermen (1961) 
170 790 - - - 1 9** - SCL Morocco various locations Rossignol (1951) 
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Table 3.30.  A summary of the available data on the size and age of Chelon labrosus caught in coastal lagoons. Data are presented for minimum 
and maximum Total Length (TL, mm), body weight (W, g) and age (A, years), together with the most common size and age classes (where data 
are presented in the original reference; missing data are indicated by the horizontal dash, -). Fish aged using scales (SCL), otoliths (OTO) or length-
frequency analysis (LFR). Data highlighted in grey are collated from Quignard and Farrugio (1981). ). * Original data reported as Standard Length 
and multiplied by 1.1 to convert to Total Length (Kennedy and Fitzmaurice, 1969). ** only data for a maximum of 9 age classes are presented in 
the Quignard and Farrugio (1981) review. 
 
 
TLMin TLMax Most 
common  
TL range 
WMIn WMax AMIn AMax Most 
common  
age range 
Method Country Location Reference 
50 330 200 - 250 - - 0 6 1 - 3 OTO&LFR Portugal Óbidos Lagoon Moura & Gordo (2000) 
151* 438* - - - 0 8 1 - 2 SCL Greece 
Lake Vistonis and 
Porto-Lagos Lagoon 
Koutrakis & Sinis (1994) 
- - - - - 1 9** - SCL SW France  Arcachon Cassifour (1975)  
270 533 - - - 1 6 - SCL Tunisia Lac du Tunis Farrugio (1975) 
198 396 - - - 1 4 - SCL Tunisia Lac du Tunis Farrugio & Quinard (1974) 
- - - - - 1 7 - SCL Croatia Pantan Morovic (1964) 
- - - - - 1 6 - SCL Croatia Neretva Morovic (1964) 
257 557 - - - 1 6 - SCL&OTO Italy Paola Karvounaris (1963) 
- - - - - 1 8 - SCL Croatia Pantan Morovic (1960) 
198 396 - - - 1 4 - SCL Tunisia Lac du Tunis Heldt (1948) 
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Table 3.31.  A summary of the available data on the size and age of (a) golden mullet Liza aurata and (b) thin-lip grey mullet Liza ramada caught 
in the sea. Data are presented for minimum and maximum Total Length (TL, mm), body weight (W, g) and age (A, years), where data are 
presented in the original reference; missing data are indicated by the horizontal dash ( - ). Fish were aged using scales (SCL). Data highlighted in 
grey are collated from Quignard and Farrugio (1981). 
 
a) Liza aurata 
 
TLMin TLMax WMIn WMax AMIn AMax Method Country Location Reference 
145 520 26 1615 1 11 SCL Wales Northwest Wales Tulkani (unpubl.) 
21 503 0.3 1135 1 14 SCL England Langstone Harbour Reay (1987) 
200 410 - - 2 6 SCL England Scilly Isles/S. Devon Hickling (1970) 
29 442 - - 1 6 SCL France  Brittany Thong (1971) 
13 550 - 1595 1 7 SCL France  Brittany Thong (1969) 
 
 
b) Liza ramada 
 
TLMin TLMax WMIn WMax AMIn AMax Method Country Location Reference 
380 550 617 1848 7 13 SCL Wales Northwest Wales Tulkani (unpubl.)* 
300 500 - - 1 6 SCL England Scilly Isles/S. Devon Hickling (1970) 
50 465 - - 1 7 SCL France  Brittany Thong (1969) 
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lip grey mullet Liza ramada (Snovsky and Shapiro, 2000). Such comparisons have also been 
made for a range of teleost fish species, with some studies showing agreement in the ages 
obtained using scales and otoliths (e.g. Kruse et al., 1993; Abecasis et al., 2008; Khan and 
Khan, 2009) whilst others show that scales can underestimate age (e.g. Skurdal et al., 1985; 
Robillard and Marsden, 1996; Ashford et al., 2001; Herbst and Marsden, 2011). In mugilids, 
the same uncertainty exists as Snovsky and Shapiro (2000) and Hsu and Tzeng (2009) report 
that both structures are suitable for ageing and provide consistent ages for the same fish, 
whilst Ibáñez-Aguirre and Gallardo-Cabello (1996) report that similar ages can be obtained 
using both structures but otoliths are preferable as a better fit to the growth model was 
obtained. However, there is a risk that scales may underestimate age, especially for older fish 
as shown for two mullet species; flathead grey mullet M. cephalus and the freshwater mullet 
Myxus capensis (Smith and Deguara, 2003; Ellender et al., 2012). The suitability of using a 
range of hard structures (scales, otoliths, vertebrae, opercular bones and the pectoral arch 
bone) to age thick-lip grey mullet and abu mullet Liza abu will be examined in Chapter 4. 
      In the present study, the reported body weight for the sub-adult/adult thick-lip grey mullet 
(n = 368) ranged in size between 373 and 680 mm total length (TL), with the majority of fish 
(71.3%) between 401 and 525 mm TL and an average TL of 486 ± 52 mm. Body weight was 
found to be between 555 and 4351 g, with the majority of fish (63.6%) between 1 and 2 kg 
and an average body weight of 1384 ± 529 g. In addition, five juvenile mullet were caught 
with an average size of 149 ± 21 mm / 26 ± 9 g. A review of previous studies on population 
biology of thick-lip grey mullet reveals that the published size data for this species is limited 
(see Tables 3.29 and 3.30). The maximum reported length for the species from a known 
location is 790 mm TL by Rossignol (1951; Cited in Quignard and Farrugio, 1981) for Morocco 
although Fishbase (Froese and Pauly, 2017) cites a maximum size of 833 mm SL (calculated 
from an SL of 750 mm using a conversion factor of 1.1; Kennedy and Fitzmaurice, 1969) for 
an unknown location. The maximum sizes reported for Chelon labrosus caught in marine 
coastal waters ranges from 475 to 790 mm TL with an average of 631 ± 125 mm, in 
comparison, the maximum sizes reported in coastal lagoon populations are 330 to 557 mm 
TL with an average of 442 ± 88 mm (see Tables 3.29 and 3.30). The maximum recorded body 
weight for thick-lip grey mullet is 4.5 kg reported for an unknown location on Fishbase (Froese 
and Pauly, 2017). The maximum size recorded in the present study, 4.35 kg, is close to this 
maximum value and larger than the maximum body weights recorded in other published 
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studies (2.3 – 2.7 kg; Table 3.29). The results of the present study, and the data presented in 
Tables 3.29 and 3.30, indicate that thick-lip grey mullet in temperate marine waters grow to 
a larger size compared to co-occurring golden and thin-lip grey mullet where maximum sizes 
of 41 to 55 cm TL have been reported.  
 
3.4.2 Morphometrics of thick-lip grey mullet 
In the present study, a series of morphometric measurements were taken to describe the 
relationships between Total Length and Standard Length (SL), between TL and mouth area, 
eye diameter and body depth and between TL and total weight (TW). In fish biology, a number 
of different measurements of fish length can be used – fork length (FL), standard length (SL) 
and total length (TL) – depending on fish species, tail shape and its susceptibility to damage 
during the capture process (Holden and Raitt, 1974). It is not uncommon for different 
researchers to record length differently, e.g. for Chelon labrosus using FL (Kennedy and 
Fitzmaurice, 1969; Thong, 1969; Walsh et al., 1994), TL (Hickling, 1970; Richter, 1995) or a 
combination of FL/SL/TL in the same study (Farrugio and Quignard, 1974; Koutrakis and Sinis, 
1994; this study). Therefore, calibration equations relating these length measurements to 
each other have been produced for many fish species (e.g. Echeverria and Lenarz, 1984; 
Laidig et al., 1997; Gaygusuz et al., 2006) which allow interconversion between these length 
measurements and comparisons between studies. Several workers have produced such 
calibration equations for Chelon labrosus and these are shown in Table 3.32. Although the 
data are limited, the TL:SL calibrations obtained in the present study (b = 0.92) are different 
to those obtained from more southerly populations (b = 1.24) which may be due to genetic 
differences in body shape between populations.  Slope values of 1.12 and 1.06 were recorded 
for the TL:SL relationships for golden and thin-lip grey mullet from North Wales (Tulkani, 
unpubl.) indicating species-specific morphometric length differences.  
     In the present study, the length-weight data indicated a pattern of positive allometric 
growth in Chelon labrosus with weight exponent values of ca. 3.3 (increase in weight more 
than increase in length), (see Tables 3.11 and 3.35). Length-Weight relationships have been 
well studied in thick-lip grey mullet and most studies also indicate positive allometric growth. 
Table 3.35 summarises b-values from studies of the population biology of thick-lip grey mullet 
caught in the sea and in coastal lagoons. In addition, values of b = 3.35 (Dulčić and Kraljević, 
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1996), b = 2.97 (Koutrakis and Tsikliras, 2003), b = 3.09 (Verdiell-Cubedo et al., 2006) and b = 
2.70 (Anastasopoulou et al., 2016) were sourced from the literature. These available data 
indicate that the average weight-exponent values for thick-lip grey mullet are 3.10 ± 0.22 for 
marine-caught fish and 3.03 ± 0.12 for fish caught in coastal lagoons and 3.07 ± 0.18 for all 
data combined. In addition, a general review by Ibáñez (2016) of weight-exponent values for 
Chelon labrosus from 27 studies reported an average b-value of 3.09 ± 0.21 with a range of 
2.70 to 3.60. In general, an average b-value of 2.95 ± 0.25 (based on 343 studies) has been 
observed for mullet species (Ibáñez, 2016) and a median value of 3.03 observed (based on a 
meta-analysis of 3929 studies of 1773 species) for teleost fish in general (Froese, 2006). The 
values observed in the present study, ♂ = 3.36, ♀= 3.28 and 3.32 for both sexes combined, 
fall within the range of weight exponent observed for thick-lip grey mullet. A range of b-values 
have been reported for other Mugilid species by Ibáñez (2016) who reports b-values between 
1.75 and 3.6 for M. cephalus (mean = 2.95), 2.1 to 3.7 for thin-lip grey mullet L. ramada (mean 
= 2.95; 2.81 for NW Wales, Tulkani, unpubl.), 2.1 to 4.05 for golden grey mullet L. aurata 
(mean = 2.94; 3.30 for NW Wales, Tulkani, unpubl.) and 2.5 to 3.3 for leaping mullet L. saliens 
(mean = 2.85). Therefore, variability in ‘b’ values are to be expected for any species and can 
be attributed to differences in environmental conditions and state of nutrition that may vary 
between locations exerting a selective pressure on local populations (Patimar, 2008) and in 
addition may be influenced by species, sex, sample size and the months during which the 
samples are collected (Ibáñez, 2016). In the present study, the aim was to describe the 
average length-weight relationship for thick-lip grey mullet from northwest Wales by 
sampling fish throughout the year. It is evident from Figure 3.11 that the length-weight 
relationship is lower in fish collected after the spawning season compared to other times of 
the year, with two trends evident in the data. However, the aim was to determine a b-value 
for the species that described the average relationship for the species over the course of the 
year and the result obtained falls within the range of values reported for the species. 
Condition factor has been used as an indication of the ‘fatness’ or ‘well being’ of fish, based 
on the assumption that heavier fish of a given length are in better condition (Bolger and 
Connolly, 1989). A seasonal change in condition factor was observed in this study, which has 
also been observed in other mugilid species e.g. abu mullet Liza abu (see Chapter 2), thin-lip 
grey mullet L. ramada (Kasimoğlu et al., 2011), flathead mullet 
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Table 3.32. A summary of the available data on the Length-Length calibration equations (SL = 
standard length; TL = Total Length) for thick-lip grey mullet Chelon labrosus. Data are 
presented male (♂) and female (♀) fish separately or combined (♂ + ♀). 
 
Regression  b Reference 
♂ 
 
♀ 
 
♂ + ♀ 
SL = 0.912TL + 0.821 
TL = 1.091SL + 1.293  
SL = 0.921TL + 3.004 
TL = 1.078SL + 6.734 
SL = 0.917TL + 1.276 
TL = 1.084SL + 4.064 
This Study 
♂ + ♀ TL = 1.252SL – 0.565 Koutrakis and Sinis (1994) 
♂ + ♀ TL = 1.240SL – 0.470 Farrugio and Quinard (1974) 
♂ + ♀ SL = 0.885TL -0.807 Froese & Pauly (2017) 
 
  
Mugil cephalus (Silva and De Silva, 1981), Parassi mullet M. incilis (Blanco Racedo, 1983) and 
Lebranche mullet M. liza (Albieri and Araújo, 2010; Sousa et al., 2015). However, this has not 
been previously reported for Chelon labrosus, until the present study, due to the paucity of 
available data for seasonally-caught samples. In mugilids, this peak in condition factor occurs 
with the timing of the spawning season, when gonad size will be largest and therefore body 
weight will be heaviest resulting in the largest condition factor values. This has been observed 
in abu mullet (Şahinöz et al., 2011; Doğu et al., 2013; Ay and Özcan, 2016; Chapter 2), thin-lip 
grey mullet (Kasimoğlu et al., 2011), flathead mullet Mugil cephalus (Silva and De Silva, 1981), 
Parassi mullet M. incilis (Blanco Racedo, 1983), Lebranche mullet M. liza (Albieri and Araújo, 
2010; Sousa et al., 2015) and, in the present study, for thick-lip grey mullet. Since, the gonads 
of a gravid female may account for up to 25% the body weight in mugilids (Ibáñez, 2016), 
there will be a considerable change in body mass after spawning with a corresponding decline 
in condition of fish immediately after spawning which will then increase over time as the 
animal feeds, grows and re-matures and replaces the body weight lost during the spawning 
event (Ibáñez, 2016). This seasonal change in condition factor is well known and seen in many 
fish species (reviewed by Froese, 2006). The average condition factor for male and female 
thick-lip grey mullet and for both sexes combined in Northwest Wales were all 0.0114. 
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Previous studies which have calculated Fulton’s condition factor (W/L3) for thick-lip grey 
mullet have produced average values of 0.0138 ± 0.0017 (Kennedy and Fitzmaurice, 1969), 
0.0115 ± 0.0010 (Hickling 1970) and 0.0104 ± 0.0002  (Moura and Gordo, 2000). Thus, the 
condition factor values observed in the present study are within the limited range of values 
observed for Chelon labrosus in the literature.  
     Various morphometric measurements of body size (length, depth, weight), eye size and 
mouth size were described in this study, however, there are no published studies on Chelon 
labrosus for comparison. Although there was not time to do so during this thesis, future 
research on the data collected could separate the thick-lip grey mullet by sampling location 
to determine whether any differences in morphology exist which would suggest the presence 
of several distinct populations in north west Wales. Although it must be pointed out that the 
movement patterns of thick-lip grey mullet for feeding in Northwest Wales are not known 
and so whether there is any geographical isolation is a guess at the moment. Morphological 
characteristics in fishes are thought to be determined by genetic and environmental factors 
and the interactions between them, particularly environmental factors experienced during 
the early developmental stages (Pinheiro et al., 2005; Kohestan-Eskandari et al., 2013). As a 
result, differences in body shape and scale and otolith shape are commonly observed and can 
be used to discriminate between different populations of the same species (Cadrin et al., 
2013; Mojekwu and Anumudu, 2015). These techniques have also been applied to several 
mugilid fishes to identify differences between populations: e.g. flathead mullet Mugil 
cephalus and white mullet M. curema (Corti and Crosetti, 1996; Ibañez et al., 2007), golden 
mullet Liza aurata (Kohestan-Eskandari et al., 2013) and abu mullet L. abu (Khayyami et al., 
2014). These studies have used landmark morphological characters to describe the general 
body shape to identify individuals to population of origin with classification success rates of 
67-99%. This geometric morphometric approach is more powerful, i.e. provides a more 
complete description of body shape, than the simple approach adopted in this chapter on 
thick-lip grey mullet and in Chapter 2 on abu mullet where a few simple descriptors of head 
and body shape have been used. However, it is suggested that a detailed assessment of body 
shape (and otolith/scale shape) using more powerful geometric morphometric techniques 
could be used to determine the degree of population differentiation for thick-lip grey mullet 
in Northwest Wales.  
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3.4.3 Growth of thick-lip grey mullet 
In the present study, the size at age data were used to produce growth curves for thick-lip 
grey mullet in northwest Wales which are presented in Figure 3.26 and the von Bertalanffy 
growth constants for males, females and for both sexes combined are summarised in Table 
3.20. The theoretical maximum size, L∞, and growth constant, k, for both sexes combined 
were 83.9 cm and 0.081 year-1 respectively.  
     Growth has been well studied for thick-lip grey mullet across the geographical range for 
the species with Tables 3.33 and 3.34 providing the available size at age data for marine and 
coastal lagoon populations respectively. However, it is noteworthy that the majority of the 
available data on the population biology of Chelon labrosus are more than 20 years old. These 
data are plotted in Figure 3.33 and used to calculate the von Bertalanffy growth constants for 
these thick-lip grey mullet populations (Table 3.35). The calculated theoretical maximum sizes 
(L∞) obtained for populations of thick-lip grey mullet across its geographical range are 
between 44.6 and 108.2 cm for mullet caught in coastal waters and 30.1 and 98.9 cm for 
lagoonal-caught mullet (Table 3.35) with average L∞ values for thick-lip grey mullet of 70.2 ± 
17.0 cm for marine and 55.7 ± 20.3 cm for lagoon populations respectively. The theoretical 
maximum size obtained in the present study is towards the top end of the size range for the 
species, although larger values were reported by Morovic (1960) for mullet caught in Pantan 
lagoon on the central Adriatic coast of Croatia (L∞ = 98.9 cm) and by Rossignol (1951) for thick-
lip grey mullet caught off the coast of Morocco (L∞ = 108.2 cm). The calculated growth 
constant (k) values obtained for populations of thick-lip grey mullet across its geographical 
range are between 0.096 and 0.234 year-1 for mullet caught in coastal waters and 0.093 and 
0.643 year-1 for lagoonal-caught mullet (Table 3.35) with average k values for thick-lip grey 
mullet of 0.132 ± 0.045 year-1 for marine and 0.307 ± 0.178 year-1 for lagoon populations 
respectively. A similar result is obtained for the growth constant k, with the k-value for 
Northwest Wales at the lower end of the values obtained for the species although lower 
values were reported by Morovic (1960) for mullet caught in Pantan lagoon on the central 
Adriatic coast of Croatia (k = 0.093 year-1) and by Rossignol (1951) for thick-lip grey mullet 
caught off the coast of Morocco (k = 0.096 year-1). The available data indicates a significant 
negative correlation between L∞ and k for thick-lip grey mullet (r20 = -0.643, p = 0.002) with 
larger maximum sizes associated with lower growth constant values. This relationship is   
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Table 3.33.  A summary of the available size at age (years) data for Chelon labrosus caught in the sea. Size data are presented as Total Length 
(cm) for males and females combined. * Original data reported as Fork Length, multiplied by 1.1 to convert to TL (Kennedy and Fitzmaurice, 
1969). ** Data sourced from Quignard and Farrugio (1981) 
 
 This 
study 
Richter 
(1995) 
Walsh 
et al. 
(1994)* 
Hickling 
(1970) 
Kennedy & 
Fitzmaurice 
(1969) 
Thong 
(1969) 
Erman 
(1961)* 
Nikolskii 
(1954) 
Rossignol 
(1951) 
Age 
(years) 
NW 
Wales 
N 
Ireland 
SE 
Ireland 
SW 
England 
SE  
Ireland 
Brittany** 
Eastern** 
Mediterranean 
Caspian 
Sea** 
Morroco** 
1 13.3 - - - - 12.0 16.7 16.0 10.2 
2 15.5 - 12.6 9.0 12.0 20.1 26.1 23.0 21.0 
3 17.0 - 17.2 16.1 18.5 25.2 33.8 27.0 26.0 
4 - - 22.8 24.6 23.2 30.8 40.5 29.0 35.9 
5 - 33.8 27.4 26.3 27.6 35.1 46.8 32.0 38.6 
6 37.3 34.8 30.8 29.9 31.4 38.7 52.6 35.0 47.3 
7 40.4 35.7 34.2 35.4 34.7 42.9 57.4 38.0 51.9 
8 42.5 37.6 37.6 38.6 37.8 - 61.2 - 55.0 
9 46.4 43.2 41.0 42.1 40.8 - 62.2 - 61.0 
10 49.0 44.1 43.3 42.6 43.6 - - - - 
11 51.6 47.0 45.6 45.1 46.2 - - - - 
12 53.6 50.8 47.9 49.9 48.4 - - - - 
13 56.6 48.9 - - - - - - - 
14 62 48.9 - - - - - - - 
15 - 54.5 - - - - - - - 
16 - 54.1 - - - - - - - 
17 - 55.5 - - - - - - - 
18 - 55.5 - - - - - - - 
19 - 54.5 - - - - - - - 
20 - 54.5 - - - - - - - 
21 - 55.0 - - - - - - - 
22 - 57.8 - - - - - - - 
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Table 3.34.  A summary of the available size at age (years) data for Chelon labrosus caught coastal lagoons. Size data are presented as Total 
Length (cm) for males and females combined. * Data sourced from Quignard and Farrugio (1981). 
 
 
 Moura 
(2000) 
Koutrakis 
& Sinis 
(1994) 
Cassifour 
(1975)* 
Farrugio 
(1975)* 
Farrigio & 
Quignard 
(1974)* 
Morovic 
(1964)* 
Morovic  
(1964)* 
Karvounaris 
(1963)* 
Morovic    
(1960)* 
    Heldt 
  (1948)* 
Age 
(years) 
Portugal NE 
Greece 
SW 
France 
Tunisia 
 
Tunisia Croatia 
 
Croatia 
 
Italy 
 
Croatia 
 
Tunisia 
 
1 16.1 11.6 9.3 15.6 15.9 9.4 11.0 - 9.5 - 
2 20.7 17.7 18.5 23.3 24.6 16.6 20.3 - 15.5 25.8 
3 23.2 22.1 26.2 32.4 35.0 23.7 26.1 27.0 23.3 39.1 
4 25.5 25.3 30.7 37.3 36.5 31.2 31.7 32.3 32.4 46.8 
5 27.4 27.5 34.4 43.5 - 36.1 35.5 38.6 38.3 50.0 
6 31.5 29.3 37.6 47.8 - 39.9 39.9 42.5 44.5 - 
7 - 31.3 40.2 - - 42.5 - 45.3 48.7 - 
8 - 32.9 43.7 - - - - - 52.3 - 
9 - - 46.7 - - - - - - - 
10 - - - - - - - - - - 
11 - - - - - - - - - - 
12 - - - - - - - - - - 
 
 
 
  
 Chapter 3: Population Biology of the thick-lip grey mullet 
 
228 
 
expected based  on  the  functional connection between growth and size in fishes (Beverton 
and Holt, 1959; Kozłowski, 1992; Elliott and Hurley, 1995). In a review of age and growth in 
mugilidae, Ibáñez (2016) reports L∞ values ranging between 17.3 cm and 194 cm for 24 species 
of mullet, with an average of 53.4 ± 25.0 cm (based on data from 353 studies for 24 species). 
In her analysis, the L∞ value for Chelon labrosus indicates that it is a medium-sized mugilid 
species with an average L∞ of 54.0 cm (calculated from data in Table 10.3 in Ibáñez 2016) for 
marine and lagoonal populations combined. The theoretical maximum sizes range from 
average values for the smallest mugilids of 17.3 cm for the keeled mullet, Liza carinata, 20.7 
cm for abu mullet, Liza abu and 26.5 cm for the boxlip mullet Oedalechilus labeo to 71.3 cm 
for the red-lip mullet, Liza haematocheila and 84.0 cm for the tade mullet, Liza tade (Ibáñez, 
2016).  
     The calculation of phi prime Φ’ (log10K + 2log10 L∞; Pauly and Munro, 1984) is recognised 
as the best means of averaging growth parameters of a particular species (Sparre and 
Venema, 1998). The phi prime index was devised by Munro and Pauly (1984) to allow 
comparison of the growth performance of species with similar shapes but it has also been 
suggested that it also provides an indication of the reliability of age estimates since phi-prime 
test values should be similar for studies on the same species and between species in the same 
genera (Piñeiro and Saínza, 2003). Phi prime index values for thick-lip grey mullet (male and 
female combined) are presented in Table 3.35 and range between 2.64 and 3.05 for marine 
populations with an average of 2.77 ± 0.11 for 9 published studies and between 2.55 and 3.28 
for marine populations with an average of 2.86 ± 0.21 for 10 published studies. In the present 
study, a Phi prime value of 2.76 can be calculated from the growth data obtained for thick-lip 
grey mullet in NW Wales. The phi prime values for Chelon labrosus fall within the mid-range 
of values for mugilid species summarised by  Ibáñez (2016) who reports an average of 2.78 ± 
0.27 based on an analysis of 343 data values for 24 species with the data range between 1.82 
for a study on L. carinata and 3.49 for a study on M. cephalus. Patterns of growth and phi 
prime values for Chelon labrosus and L. abu (Chapter 2) will be discussed in more detail in the 
General Discussion (Chapter 5). It is interesting to note that growth performance, in terms of 
L∞, k and Φ’are related to latitude (Figure 3.34) with the theoretical maximum size tending to 
increase with increasing latitude (although not significant), with growth constant values and 
phi prime values significantly decreasing with increasing latitude.  
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Figure 3.33. Growth curves for Chelon labrosus from different locations. Data are presented 
for mullet caught (a) at sea and (b) in coastal lagoons. See Tables 3.31 and 3.32 for more 
details and source references. 
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Table 3.35.  A summary of the available data on the weight exponent (b-value) for the length-
weight relationship, the von Bertalanffy growth constants [L∞ (cm), K (year-1), to (years)] and 
growth performance index (Φ’= log10K + 2log10 L∞; Pauly and Munro, 1984) for Chelon labrosus 
(a) caught at sea and (b) caught in coastal lagoons. Data are presented for both sexes 
combined; missing data are indicated by the horizontal dash (-). Note: *original data reported 
as Fork length and multiplied by 1.1 convert to Total Length (Kennedy and Fitzmaurice, 1969); 
**majority of samples collected in southwest England. 
(a) 
b L∞ K to Φ’ Location Reference 
3.32 83.9 0.081 -0.79 2.76 NW Wales This Study 
- 60.9 0.119 -0.42 2.64 N Ireland Richter (1995) 
3.15 68.4 0.100 0.01 2.67 SE Ireland Walsh et al. (1994)* 
- 65.8 0.129 -0.45 2.75 S Ireland Grove (1980) 
3.34 62.3 0.132 0.70 2.67 England and Wales** Hickling (1970)** 
3.05 67.2 0.105 0.04 2.68 Ireland Kennedy & Fitzmaurice  (1969) 
3.02 62.4 0.157 -0.41 2.79 Brittany, France Thong (1969) 
2.87 78.7 0.168 -0.29 3.02 E. Mediterranean Ermen (1961)* 
- 44.6 0.234 -0.94 2.67 Caspian Sea Nikolskii (1954) 
- 108.2 0.096 0.13 3.05 Morocco  Rossignol (1951) 
 
b) 
b L∞ K to Φ’ Location Reference 
3.05 30.1 0.391 -0.92 2.55 Óbidos Lagoon, Portugal Moura & Gordo (2000) 
3.04 35.8 0.287 -0.41 2.57 
LakeVistonis & Porto-Lagos 
Lagoon, Greece 
Koutrakis & Sinis (1994) 
3.10 53.9 0.219 0.12 2.80 Arcachon, SW France Cassifour (1975) 
3.04 64.2 0.206 -0.35 2.93 Lac du Tunis, Tunisia Farrigio (1975) 
3.21 42.7 0.498 0.14 2.96 Lac du Tunis, Tunisia Farrigio & Quinard (1974) 
- 61.3 0.171 0.09 2.81 Pantan, Croatia Morovic (1964) 
- 42.4 0.431 0.13 2.89 Neretva, Croatia Morovic (1964) 
2.83 73.9 0.132 2.51 2.86 Paola, Italy Karvounaris (1963) 
- 98.9 0.093 0.06 2.96 Pantan, Croatia Morovic (1960) 
- 54.2 0.643 -0.01 3.28 Lac du Tunis, Tunisia Heldt (1948) 
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Figure 3.34. Relations between latitude and (a) L∞ (Total length, cm) (b) k (year-1) and (c) the 
phi prime index (ɸ’) for Chelon labrosus caught in coastal marine waters or coastal lagoon 
locations. For details, see Table 3.35. 
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3.4.4 Reproduction and fecundity of thick-lip grey mullet 
As has been noted earlier in this Discussion for other aspects of the population biology of 
Chelon labrosus, such as morphometrics and growth, although the reproductive biology of 
thick-lip grey mullet has been studied it has often been studied in isolation to other 
population biology parameters and/or there have been very few recent studies on this topic 
with most studies conducted over 40 years ago. The reproductive biology of thick-lip grey 
mullet has been studied both in wild populations (reviewed in Farrugio and Quignard, 1981; 
González-Castro and Minos, 2016) and also in cultured populations where work has focused 
on the spawning of adult fish (Cataudella et al. 1988; Crosetti and Cordico, 2004) and on 
subsequent larval development/rearing (Boglione et al., 1992; Khemis et al., 2013).   
     The results of this study suggest that the spawning season for thick-lip grey mullet in 
Northwest Wales lasts from October (possibly starting in September) to December based on 
the monthly changes in HSI and GSI (Figures 3.27–3.28) and by examination of the gonad 
status and identifying the months when ripe fish were caught (Figure 3.29). Cataudella et al. 
(1988) in their paper on artificial induction of spawning of thick-lip grey mullet using human 
gonadotropin hormone and subsequent larval rearing in culture reviewed the known timings 
of spawning for marine and lagoonal populations of the species in the wild. This information 
is reproduced in Table 3.36 together with the timing of spawning for Northwest Wales. These 
data indicate that the suggested timing of the spawning season is earlier in Northwest Wales 
(October to December) compared to the other populations studied where spawning occurs 
between December and April (Table 3.36). However, the present study is for the most 
northerly population studied to date with the majority of the studies located between 32 and 
50oN. For temperate marine fish species with a wide latitudinal range, an earlier spawning 
time in northerly populations is usual as developmental rates are slower at colder 
temperatures so spawning is timed so that larvae reach first feeding during the peak in 
biological productivity observed during the spring at that latitude (the ‘match/mis-match 
hypothesis; Cushing, 1975, 1990). This strategy has been reported for a number of marine 
species including Atlantic cod Gadus morhua (Neuheimer and MacKenzie, 2014), Atlantic 
herring Clupea  harengus (Winters and Wheeler, 1996), Pacific Herring C. pallasi (Hay, 1985), 
sparid breams (Sheaves, 2006) and mullet (Whitfield et al., 2012; Ibáñez and Colín, 2014).  
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Table 3.36. Spawning seasons for lagoonal (L) and marine (M) populations of Chelon labrosus across its geographical range (E./W. Med = 
eastern/western Mediterranean; Atl = Atlantic). Cells highlighted in yellow represent known spawning months for that population and cells in 
grey represent possible spawning months. [Data collated from Cataudella et al. 1988]. 
 
Location Site July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June Reference 
Tunisia (W. Med) L             Farrugio and Quignard (1974) 
Tunisia (W. Med) L             Heldt (1948) 
Tunisia  (W. 
Med) 
L             Brusle and Brusle (1977) 
Algeria (W. Med) M             Dieuzeide et al. (1955) 
Israel (E. Med) M/L             Abraham et al. (1966) 
Israel (E. Med) M             Yashouv and Berner-Samsonov (1970) 
Turkey (E. Med) M             Ermen (1961) 
Italy (W. Med) L             Karvounaris (1963) 
Croatia (W. Med) L             Morovic (1963) 
Brittany (Atl) M             Thong (1969) 
SW England (Atl)              Hickling (1970) 
NW Wales              This study 
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In flathead mullet mugil cephalus, a cosmopolitan species that occurs in tropical, subtropical 
and temperate coastal waters in all the world’s major oceans, Whitfield et al. (2012) report 
that populations in the cooler temperate regions of Europe tend to have a summer spawning 
period whereas spawning reaches a peak during winter in the subtropical regions. Similarly, 
for white mullet, Mugil curema in the Gulf of Mexico, spawning occurs earlier in the year in 
the northern Gulf populations (i.e. colder water populations in South Texas) compared to 
those in the southern Gulf (i.e. warmer water populations in South Mexico) (Ibáñez and Colín, 
2014). Table 3.36 indicates that the length of the spawning season can vary between 2 - 6 
months between populations of thick-lip grey mullet. Similar variability has been found for 
other mullet species with spawning seasons between 1 to 5 months reported for Liza abu 
(Chapter 2), 1 to 9 months reported for M. curema and 1 to 6 months for M. cephalus 
depending on population (reviewed in Ibáñez and Colín, 2014).  
     González-Castro and Minos (2016) in their review of reproduction in mugilids stated that 
‘monthly GSI values are usually quite different between sexes for mullets and usually, male 
values are lower than female ones’. Although this is usually the case, e.g. red-lip mullet 
(Okumus and Bascinar, 1997), golden mullet (Hotos et al., 2000), thin-lip mullet (El-Halfawy 
et al., 2007), white mullet (Solomon and Ramnarine, 2007), abu mullet (Şahinöz et al. 2011) 
and Lebranche mullet (Albieri and Araújo, 2010; Lemos et al., 2014), this is not always so, with 
some studies finding similar, e.g. abu mullet (Naama et al. 1986) thick-lip grey mullet (Hickling, 
1970), or higher GSI values, e.g. flathead grey mullet (Silva and de Silva, 1981), abu mullet 
(Ünlü et al., 2008) and thick-lip grey mullet (this study; Figure 3.28, Table 3.23) in male fish. 
Higher GSI values are to be expected in female fish given the reproductive investment into 
egg production (King, 2007; González-Castro and Minos, 2016). It is possible that the 
variability in size dimorphism in gonad size observed in different studies of mullet 
reproduction may be due to the timing/capture location of fish relative to their spawning 
location (González-Castro and Minos, 2016). Most mullet species perform spawning 
migrations from feeding grounds that are located in coastal lagoons, estuaries and inshore 
waters to marine spawning grounds (Whitfield et al., 2012; González-Castro and Minos, 2016) 
and therefore the highest GSI values would be expected offshore. For example, Lemos et al. 
(2014) report that the highest GSI values for female Lebranche mullet, Mugil liza, caught 
inside Patos Lagoon in southern Brazil was 5.5 % in April, whilst a higher value of 11.5 % was 
recorded at sea in June. Therefore, the timing and maximum GSI values reported in most 
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studies, including the present study, are probably only indicative of the timing of the spawning 
season and maximum GSI values are likely to be higher in ripe female fish.   
     In the present study, a seasonal peak in gonadosomatic index was observed with maximum 
monthly average GSI values of 5.7 % and 5.5 % reported for male and female fish respectively 
in November/December (Figure 3.28) with maximum GSI values of 9.5 % (♂) and 9.7 % (♀) 
recorded for individual fish. Similar seasonal cycles in GSI have been observed in earlier 
studies of the reproductive biology of mugilds, e.g. M. cephalus (Silva and de Silva, 1981), M. 
Liza (Albieri and Araújo, 2010), L. ramada (Kasimoğlu et al., 2011), L. abu (Chapter 2) and 
including Chelon labrosus (Hickling, 1970). Using monthly changes in GSI values to indicate 
the timing of the spawning season is a standard approach in the study of population biology 
in teleost species (e.g. Bilgin and Çelik, 2008; Al-Mamry et al., 2009; Nunes et al., 2011; Farrell 
et al., 2012; Hefny et al., 2016). In their review of the reproductive biology of Mugilidae, 
González-Castro and Minos (2016) state that ‘the gonadosomatic index (GSI) is an efficient 
estimator of the physiological state of the gonads and its monthly variation can be used with 
confidence to define the reproductive period of the species under study’. However, González-
Castro and Minos (2016) also note that data collected from fish caught in lagoons, estuaries 
or inshore shallow waters for marine populations will be indicative of the actual timing of the 
spawning season and peak GSI values at the time of spawning.  
     In addition to the use of GSI size as an indication of the timing of the spawning season, 
gonad status was also assessed by visual examination in this study in order to confirm the 
timing of the spawning season (Figure 3.29). The use of a ‘staging’ scale, usually comprising 
of 5 to 7 distinct stages based on gonad size and appearance to determine maturity status is 
widely used in studies of teleost fish population biology (King, 2007), and also amongst 
mugilid species (reviewed in González-Castro and Minos, 2016). To the author’s knowledge, 
this approach has not been used in thick-lip grey mullet reproduction and the provision of a 
photographic key to support the written descriptions (see Tables 3.5 and 3.6) that will 
facilitate the assessment of maturity stage in future studies of the reproductive biology of the 
species. Although such a maturity scale is no doubt useful, it is best combined with histological 
examination of the gonad in order to confirm the stage of ovarian development (e.g. El-
Halfawy et al., 2007; Solomon and Ramnarine, 2007; Albieri and Araújo, 2010; Şahinöz et al. 
2011; Assem et al., 2015). This approach was outside the expertise available in the present 
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study but would be recommended to support future work on the reproductive biology of 
thick-lip grey mullet. 
     Fecundity in the present study was estimated as 154751 ± 116781 eggs per female and 
ranged between 66687 eggs in the mature female (490 mm TL) with the lowest fecundity to 
1,284,301 eggs in the female (575 mm TL) with the largest fecundity and it was possible to 
predict fecundity from body weight (Figure 3.30). 
 
Table 3.37. A summary of the available data on fecundity estimates in Chelon labrosus. 
Average fecundity values (number of eggs; mean ± SD) are presented with the fecundity range 
and size (Total length, mm) range and sample size (n) for each study. * Original data reported 
as Fork Length, multiplied by 1.1 to convert to TL (Kennedy and Fitzmaurice, 1969). ** data 
sourced from  Quignard and Farrugio (1981) [Note: original FL (230mm) reported for Thong 
(1969) by Quignard and Farrugio (1981) may be a typographical error]. 
 
Fecundity 
(no of eggs) 
Range data 
Fecundity 
TL 
n Country Location Reference 
154751 
± 116781 
66687 - 1284301 
490 - 680 mm 
21 Wales NW Wales This Study 
499308 
± 124630 
372000 – 745000 
470 – 560 mm 
13 
England & 
Wales 
Various locations Hickling (1970) 
528320 528320 
253 mm* 
1 France Brittany Thong (1969)** 
176463 175336 - 177591 
440 - 442 mm 
2 SE France Berre Lagoon Ezzat (1965)** 
 
 
The number of studies on thick-lip grey mullet where fecundity has been assessed limited to 
3 published studies with average fecundity values ranging between 176463 and 528320 eggs 
per female (Table 3.37) with an average of 401,364 eggs. The fecundity estimate in the 
present study is lower than the average fecundity estimate for thick-lip grey mullet from these 
other published studies, however the other data are based on a much smaller sample size and 
size range which may explain the observed difference. Alternatively, population-specific 
differences in fecundity may exist, as observed for abu mullet (see Chapter 2) and white 
mullet (Ibáñez and Colín, 2014), which may relate to differences in temperature and 
productivity experienced by these different populations.   
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3.4.5 Food and feeding of thick-lip grey mullet  
The feeding ecology of thick-lip grey mullet has been the focus of some previous study 
including work on single time-point examination of stomach contents (Laserre et al., 1975; 
Kreft and Michaelis, 1976; Gisbert et al. 1997) and seasonal patterns of feeding activity 
(Hickling, 1970; Cardona, 2001; Salvarina et al., 2017; Present study). In the present study, 
feeding activity (i.e. the percentage of feeding fish within a sample with food in their gut) and 
feeding intensity (i.e. the average gut fullness for feeding fish) were examined over a 24 
month period from January 2014 to December 2015 (Table 3.25 and Figure 3.31). These data 
indicate very little seasonal difference in feeding activity with most fish sampled during the 
study containing food in their gut with an average of 97% feeding activity per month. Previous 
work looking at empty guts in thick-lip grey mullet by Hickling (1970) and Salvarina et al. 
(2017) both report a seasonal pattern of feeding activity. In Hickling’s study of adult thick-lip 
grey mullet in England and Wales, 34-40% of fish sampled had food in their cardiac stomachs 
in Jan-Mar and Apr-June with feeding activities of 68% reported for July-Sept and 69% for Oct-
Dec respectively. Recent work by Salvarina et al. (2017) on the feeding behaviour of juvenile 
Chelon labrosus in the North Aegean report high levels of feeding activity in summer (91 – 
97%) but lower levels in winter/Spring (43 – 67%).  
     In contrast to the feeding activity data, in the present study, those thick-lip grey mullet 
with food items in their gut showed pronounced seasonal peaks in gut fullness (i.e. feeding 
intensity) with gut fullness values highest in summer (50-100%) with virtually empty guts (ca. 
10% fullness) occurring in the winter months (Figure 3.31). The studies by Hickling (1970) and 
Salvarina et al. (2017) also show seasonal patterns in gut fullness, although much simpler 
fullness scales were used in those studies. Hickling (1970), using a much simpler scale of full - 
half full – empty, reported that  feeding intensity was highest in Oct-Dec with 91.3 % of fish 
with food in their cardiac stomachs having full stomachs and 8.7 % with half-full stomachs in 
July-Sept compared to 78.4:21.6 % (full:half-full) in Oct-Dec and 62.5:37.5 % and 60:40 in Jan-
Mar and Apr-June (Hickling, 1970). Salovina et al. (2017) using a 5-point scale (0 = empty, 5 = 
full) report that fullness values at two sites varied with season as follows: spring (1.2 and 1.5), 
summer (2.2 and 2.5), autumn (2.1 and 3.0) and winter (2.5, only one site).  
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     In comparison to other mullet species (e.g. Collins, 1981; Islam and Khalaf, 1982; Naama 
and Muhsen, 1986; Blay Jr, 1994; Blay Jr, 1995; Cardona, 1999), no published studies have 
examined daily variations in peak feeding activity and gut fullness in adult thick-lip grey mullet 
with the exception for a single study on fry by Gisbert et al. (1997) where in fish caught in the 
winter, feeding activity was highest in daylight hours with a peak in feeding at dusk. 
     A wide range of food items have been recorded in the gut of adult Chelon labrosus with 
several studies identifying the main gut components as follows:   
1) Hickling (1970) - seasonal sampling 
Organic material, diatoms, filamentous green algae, blue green algae, harpacticoid copepods 
(and other crustaceans), nematode worms, Polystomella   
2) Laserre et al. (1975) - single sampling 
Blue green and green algae (both coated with epiphytic diatoms), macrofauna (Corophium, 
Abra, Hydrobia, Nereis), meiofauna (mainly nematodes and harpacticoid copepods). 
3) Kreft and Michaelis (1976) - single sampling 
  Diatoms, blue-green algae, nematodes and harpacticoid copepods  
4) Gisbert et al. (1995).  
Copepods, cladocerans, amphipods, rotifers, chironomids, algae 
5) Cardona (2001) - seasonal sampling  
Detritus, sand, Hydrobid snails and eggs, ostracods, diatoms 
6) Salvarina et al. (2017) – seasonal sampling 
 Microalgae, macrophytes, detritus, amphipods, Cirripedia, unidentified insects 
7) Present study - seasonal sampling 
Algae/plants, diatoms, organic material, sand, zooplankton, crustaceans 
 
     The above studies have shown that the dominant components of the diet of Chelon 
labrosus are organic material, blue-green and green algae, in particular diatoms, plus a range 
of animal material in particular crustaceans and nematode and polychaete worms. In 
addition, although most of the earlier studies do not report it, sand/sediment are probably 
present in the gut contents as a result of ingestion to extract the organic material/detritus 
and the microphytobenthos (diatoms on the sand/sediment surface). Ingested sand particles 
will also help in the maceration of food materials in the pyloric stomach as observed in similar 
studies in some African mullets (Blaber and Whitfield, 1977; Blay, 1995). In general, Mugilidae 
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are reported to feed on a range of food items such as organic matter in the sediment, detritus, 
plant material, filamentous macroalgae, phytoplankton, zooplankton and benthic 
invertebrates (reviewed in Cardona, 2016). However, there is evidence that species from the 
different genera show differences in diet with Mugil species eating mainly organic material 
extracted from surface sediments whilst species in the Liza and Chelon genera have a more 
diverse diet (Cardona, 2016). Where species of the different genera are found in sympatry, 
there is evidence of resource partitioning of different food resources between the different 
species (Cardona, 2001; Salvarina et al., 2017) 
 
3.4.6 Summary  
In this chapter, the population biology of Chelon labrosus in northwest Wales was studied. 
Fish sampled in this study ranged between 6 and 1 years old (aged using scales) and between 
373 and 680 mm Total Length and 555 g and 4.35 kg wet weight with the majority of fish 
between 401-525 mm and 8 and 12 years old. The length-weight data indicated positive 
allometric growth with average b-values of 3.36 (males), 3.28 (females) and 3.32 (combined). 
Growth was described using the von Bertalanffy growth model: Male Lt = 74.5(1 – e-0.10(t+0.60)), 
Females Lt = 89.1(1 – e-0.07(t+0.87)) and combined Lt = 83.9(1 – e-0.08(t+0.79)). Monthly changes in 
condition factor, body depth and GSI indicated peak values occur in October-December 
coincident with the timing of the spawning period which was confirmed by visual examination 
of the gonad maturity status. Examination of gut contents indicated a mixed diet, dominated 
by organic matter, algae and plants. This study is the first study on this species in the UK since 
1970 and only the second ever conducted on thick-lip mullet in the UK.
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4.1. Introduction 
The study of ageing animals from their calcified hard parts is known as ‘sclerochronology’ from 
the Greek words ‘skleros’, ‘khronos’ and ‘logos’ meaning ‘hard’, ‘study’ and ‘reason’ 
respectively (de Pontual et al., 2002). The term was first used in 1974 by Buddemeier et al. 
who examined rates of coral growth on nuclear test atolls in the Pacific. Sclerochronology 
focuses on describing growth patterns in the hard structural parts of animals over time as 
they grow and deposit new layers of calcareous material in their calcified structures (e.g. 
bone, shell). This periodicity of deposition has been shown to reflect patterns of growth over 
annual, monthly, fortnightly, tidal, daily, and sub-daily (ultradian) increments of time in 
bivalve molluscs (Rhoads & Lutz 1980; Richardson 2001; Schöne and Surge, 2012) and daily, 
seasonal and annual increments of time in fish otoliths and scales (Jennings et al., 2001) 
depending on the technique used to prepare and view the hard part. Once the periodicity of 
band/line formation is known, it is possible to age the animal and describe the population age 
structure and rates of processes such as growth and mortality. Sclerochronological techniques 
have therefore become central to studies of animal ecology and resource management (see 
King, 2007). In addition, ageing techniques have been used on ‘ancient’ samples in order to 
reconstruct patterns of growth through periods of environmental and climatic change (Butler 
et al., 2009; Morrongiello et al., 2012). Once it is understood how animals have responded to 
environmental and climatic change, it may be possible to forecast the impacts of future 
climate change (Richardson, 2001; Steinhardt et al., 2016).  
     A range of calcified structures can be used for the study of growth patterns and for ageing 
and these include shells in gastropod (e.g. Prince et al., 1988; Arrighetti et al., 2012) and 
bivalve molluscs (e.g. Richardson et al., 1990; Reynolds et al., 2013); statoliths in gastropod 
(e.g. Richardson et al., 2005; Hollyman et al., 2017) and cephalopod (Krstulović Šifner, 2008) 
molluscs; opercula in gastropod molluscs (e.g. Heude-Berthelin et al., 2011; Peemoeller and 
Stevens, 2013); and most recently eyestalks and gastric mills in crustaceans (Kilada et al., 
2012; Leland et al., 2015) (Figure 4.1). The most important criteria for selection of an ageing 
structure are that the growth bands/line or rings are clear and readable and that the 
periodicity with which they are deposited is known in order to determine age as de Pontual 
et al. (2002) conclude in their introduction to the Manual of Fish Sclerochronology (Panfili et 
al., 2002):  
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‘Data quality is a key issue in all sclerochronological studies. Age estimates that are neither 
accurate (i.e. close to the true values, which is essentially not known for wild fish) nor precise 
(i.e. presenting large disagreements between repeated measurements) would be of poor value 
for subsequent use. Validation studies that aim to verify the presumed periodicity of a given 
signal are an essential basis for sclerochronological studies.’  
 
 
 
 
Figure 4.1. Examples of calcified structures used to age invertebrates. (a) statolith of the red 
whelk, Neptunea antiqua (Richardson et al., 2005), (b) right valve of the heart cockle Glossus 
humanus (Reynolds et al., 2013), (c) operculum of a channelled whelk Busycotypus 
canaliculatus (Peemoeller and Stevens, 2013), (d) Transverse section of the eyestalk of a snow 
crab Chionoecetes opilio (Kilada et al., 2012). 
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4.1.1    Suitability of different calcified structures to age teleost fishes 
Accurate ageing is essential for understanding many aspects of the population biology of a 
fish species such as the age structure of the population, lifespan (i.e. maximum age), growth 
rates (i.e. size at age growth curves) age at first maturation (i.e. age at 50% maturity, A50) and 
the ages at which key life-history decisions are made (e.g. migration between different 
habitats for feeding and reproduction) (King, 2007). Thus, the use of age information is an 
integral part of fish population biology and fisheries studies today and as Jackson (2007) 
notes, ‘the most valuable information obtained from a sampled catch, at least for temperate 
waters, is age’.  
     Teleosts possess a range of calcified structures that can potentially be used for ageing 
purposes. The most commonly used structures are the sagittal otoliths and scales but a range 
of other calcified structures have been used including vertebrae, fin rays, spines, the pectoral 
arch bone (also known as the cleithra) and opercular bones (e.g. Baker and Timmons, 1991; 
Ihde and Chittenden, 2002; Quist et al., 2007; Luo et al., 2016) and, rarely, bones in the skull 
and jaws such as the mandibular (Bhat and Khan, 2014), metapterygoid (Blackwell et al., 2016) 
and sphenoid (Jackson et al., 2007) bones. In grey mullet, age estimates have been obtained 
from scales, otoliths, vertebrae, opercular bones and fin rays (Hickling, 1970; Göҫer and 
Ekingen, 2005; Hsu and Tzeng, 2009).  
     Ageing studies of teleosts have a long history and were reviewed by Jackson (2007) who 
wrote that ‘Aristotle (ca. 340 B.C.) may have been the first to speculate upon the use of hard 
structures to determine fish age, claiming in his Historia Animalium that “the age of a scaly 
fish may be told by the size and hardness of its scales”.  According to Jackson (2007), the 
earliest references to rings on the hard structures of fish are by Leeuwenhoek and 
Hederström in 1685 and 1759 respectively but scientific validation of annual growth rings in 
the hard structures of fish did not take place until the 1890s for scales with the work of Hintze 
and Hoffbauer, (1889), for otoliths by Reibisch, and Heincke (1905) for other hard structures 
such as vertebra, opercular and pectoral bone [see Jackson (2007) for original reference 
citations]. This work was contemporaneous to the development of the field of fisheries 
science (Jennings et al., 2001) and hence the use of age information has been an integral part 
of fish population biology and fisheries studies for over 120 years.  
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     Most studies on fish have traditionally used scales and otoliths for ageing purposes. In part, 
this is because scales are easy to collect and do not involve killing the fish, scales can be 
regenerated to replace those removed and in many species, especially freshwater species, 
provide a clear ageing structure (King, 2001). Although scales are suitable for ageing in some 
marine teleost species, e.g. sea bass belonging to the family Moronidae (e.g. Welch et al. 
1993; ICES, 2015) and grey mullet of the family Mugilidae (see Chapters 2 and 3).  However, 
in many marine species the scale circuli/annuli/rings are too close together to identify annual 
individual growth checks and otoliths are usually the preferred structure for counting rings 
(King, 2001). However, scales and otoliths are not always suitable for ageing purposes due to 
the clarity of the growth rings making it difficult to discern the annual rings or because it may 
be difficult in older individuals to clearly discern all the growth rings deposited in the later 
years.  
 
 
Figure 4.2. An example of the variability seen in the suitability of different calcified structures 
for ageing purposes. Photographs of the a) pelvic fin ray, b) scale and c) otolith from a three 
years old 17 cm TL bull trout Salvelinus confluentus (Taken from Zymonas and McMahon, 
2009). Note the difficulty in identifying the position of the annual rings in the scale. 
 
Figure 4.2 shows a good example of how difficult it is to discern the position of the annual 
rings for a 3 year old bull trout, Salvelinus confluentus (Zymonas and McMahon, 2009). In 
salmonid fishes, the scale is routinely used to age fish but Figure 4.2 shows that, compared to 
a b c 
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the pelvic fin ray and the otolith, the scale does not clearly show the annual growth rings 
observed in the pelvic fin ray and otolith. Zymonas and McMahon (2009) concluded that age 
determinations were more accurate and precise in the bull trout using the pelvic fin rays 
compared to scales and provided a non-lethal alternative to otoliths for ageing large, 
migratory bull trout.  
 
 
Figure 4.3. (a) the number of papers published between 1969 and 2017 that have compared 
age estimations using different calcified structures in bony fishes and (b) the calcified 
structures that have been examined, expressed as a percentage of the total number of studies 
retrieved . [63 species; 94 studies; Date of data retrieval, 8th May 2017]. 
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     The potential of alternative ageing structures to scales and otoliths has been examined in 
a range of teleost fish species, e.g. catfish (Khan et al., 2013), pike (Blackwell et al., 2006), 
loach (Luo et al., 2016), sucker (Quist et al., 2007), perch (Jatmiko et al., 2013) and carp (Bhat 
and Khan; 2014; Khan et al. 2015 a & b). A detailed online search was conducted to collate 
the published literature on the use of calcified ageing structures in bony fish using Google and 
Web of Science (date of retrieval 8th May 2017). Although this online search will not have 
located every study published on this topic, it did produce 94 studies on bony fishes published 
between 1969 and 2017, including chondrostean (sturgeon), holostean (Gar) and teleosts, 
from which representative patterns and trends can be investigated. The papers were grouped 
into 5 year intervals and Figure 4.3a indicates that there has been a steady increase in the 
number of papers published comparing age estimations obtained from different calcified 
structures in bony fish. On average, 3.6 papers were published per 5 year interval between 
1969 and 1994, rising to 13.3 papers between 1995 and 2009 with 20 papers published 
between 2010 and 2014 and 11 papers published between 2015 and March 2017 (Figure 
4.3a). In 34.4% of the studies, age estimations are compared just between scales and otoliths, 
but the majority of studies compared either the scale or otolith, or both, with at least one 
other alternative structure (Figure 4.3b) with only one study not involving scales or otoliths 
(Bhat and Khan, 2013). The calcified structure usually examined as an alternative ageing 
structure were the vertebrae, opercular bones and fin rays of spines (Figure 4.3b).  
     A review of the published literature indicates that most ageing studies in grey mullet 
species have used the scale or otolith (see Chapters 2 and 3) and the use of alternative ageing 
structures to scales or otoliths for ageing purposes has been little studied. The only studies to 
do so are by Hickling (1970), who used scales and opercular bone in thick-lip grey mullet, 
Chelon labrosus, and Göҫer and Ekingen (2005) who compared scales and otoliths with 
opercular bones, vertebrae and dorsal fin rays in thin-lip grey mullet, Liza ramada. In addition, 
it is important to validate the periodicity of ring formation in grey mullet species to have 
confidence in the ageing estimates obtained. There are very few studies that have done this, 
but those available studies on flathead grey mullet, Mugil cephalus and white mullet, Mugil 
curema, suggest an annual deposition of growth rings in both scales and otoliths (Ibáñez- 
Aguirre and Gallardo-Cabello 1996; Hsu and Tzeng, 2009).  However, Cech and Wohlschlag 
(1975) noted that age marks in otoliths of M. cephalus in coastal waters of Texas, USA were 
deposited twice a year rather than annually. Therefore it is important that the periodicity of 
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annual ring formation is validated and this has not been done for either thick-lip grey mullet, 
Chelon labrosus or abu mullet, Liza abu. The underlying assumption in studies that have 
estimated the age of these species has been that ring formation occurs annually. Since ageing 
formed a central component of the research presented earlier in Chapters 2 and 3 of this 
thesis, it is important that annual ring formation is validated for C. labrosus and L. abu in this 
study.    
 
Thus the aims of this study were: 
To conduct the first validation of annual ring deposition in the scales and otoliths of the two 
grey mullet species studied in this thesis, the thick-lip grey mullet, C. labrosus and abu mullet, 
L. abu.  
 
To compare age estimations obtained from different calcified structures in C. labrosus and L. 
abu. Eight different calcified structures will be examined: scales, otoliths, vertebrae, pectoral 
arch bones and the four bones that comprise the operculum (opercular, preopercular, 
interopercular and subopercular). Each calcified structure will be prepared using seven 
different commonly used methods and the readability (i.e. the clarity) of the growth rings will 
be determined. Using the best preparation technique for a specific hard part, age estimations 
for each calcified structure obtained and compared statistically to determine the structure 
that is most reliable for use in ageing studies of grey mullets.  
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4.2 Materials and Methods 
 
4.2.1    Sample collection 
In 2014 and 2015, thick-lip grey mullet, Chelon labrosus and abu mullet, Liza abu were 
collected, as outlined in Sections 2.2.2 and 3.2.2, to study the population biology of these two 
species (see chapters 2 and 3). In total, 373 thick-lip grey mullet and 609 abu mullet were 
sampled and processed in this study. As part of the dissection protocol for each fish, a range 
of hard parts were dissected and removed (see section 4.4.2): scales, otoliths, vertebrae, 
pectoral arch bones and the opercular, interopercular, subopercular and preopercular bones. 
These samples were  cleaned (see section 4.2.2) prior to storage in labelled manilla envelopes. 
From this library of archived samples, 46 Chelon labrosus and 23 Liza abu were subsampled 
for the ageing analysis conducted in this chapter. Fish were selected in order to cover the size 
range of fish collected for both species. Thick-lip grey mullet were selected to cover a size 
range of 115 to 680 mm Total Length (TL) [115 to 591 mm TL for males (n = 23); 160 to 680 
mm TL for females (n = 23) respectively] and abu mullet were selected to cover a size range 
of 105 to 195 mm TL [105 to 195 mm TL for males (n = 15); 140 to 195 mm TL for females (n 
= 8) respectively].  
 
4.2.2    Collection and initial cleaning of hard parts for age estimation 
In order to age each fish in the population biology studies presented in Chapters 2 and 3, ca. 
25-30 scales were removed from the lateral flank below the dorsal fin of each fish. The scale 
was used as the preferred hard structure for ageing of both mullet species due to the ease 
and speed with which the fish could be aged using scales. In addition, ageing using scales is 
standard practice for a range of mullet species, e.g. Liza aurata (Reay, 1987; Fazli et al., 2008; 
Kraljevíc et al., 2011), Liza carinata (Abbas, 2001); Liza haematocheilus (Minos et al., 2010); 
Liza ramada (Almeida et al., 1995; Snovsky and Shapiro, 2000; Kraïem et al., 2001), Mugil 
cephalus (Hamza, 1999; Hsu and Tzeng, 2009), Mugil curema (Gallardo-Cabello et al., 2005), 
including abu mullet (Mhaisen and Al-Jaffery, 1989; Mhaisen and Yousif, 1989; Al-Asadiy et 
al., 2000) and thick-lip grey mullet (Kennedy and Fitzmaurice, 1969; Hickling, 1970; Walsh et 
al., 1994; Richter, 1995). The following section outlines how the eight calcified structures 
(presented after removal in Figures 4.7 and 4.8) were dissected, cleaned and prepared for age 
estimations. 
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Scales  
    Once removed, the scales were stored in labelled manila envelopes until processing when 
they were further cleaned by immersion in distilled water in a petri dish and gently cleaned 
using a small fine-tipped paintbrush. After cleaning, the scales were air-dried and mounted 
between 2 glass slides, secured using clear adhesive tape (e.g. cellotape). In order to age the 
fish, each slide and scale was viewed under a dissecting microscope with transmitted light 
and one original scale (i.e. not one that had regrown following loss) was photographed using 
a digital camera (Nikon D300). The annuli/rings on the scales were examined and the number 
counted from the digital photographs in order to age each fish (see Figures 4.4 and 4.5).  
 
Vertebrae 
     During the dissection of each fish, the head was removed by transverse section behind the 
head (Figure 4.4a). Vertebrae from behind the head were removed and most of the flesh 
removed from the bones. Vertebrae from C. labrosus were stored in a labelled plastic bag in 
a -20°C freezer until cleaning (see section 4.2.3). For L. abu, in Iraq the vertebrae were placed 
in boiling water for 3 to 5 minutes to ‘cook’ any remaining flesh so it could be easily cleaned 
off the bones using a fine-tipped paint brush. The bones were then air-dried and stored in 
labelled manila envelopes until preparation for ageing (see section 4.2.3). This pre-cleaning 
procedure was important for the Liza abu samples as they needed to be transported back to 
Bangor in personal luggage.  
 
Sagittal otolith 
     The two sagittal otoliths were obtained following careful removal of the top of the 
neurocranium to expose the vestibular system (inner ear) in the head, posterior to the brain. 
The head (Figure 4.4a), was cleaned with a scalpel to remove the skin and subcutaneous 
superficial musculature to expose the neurocranium (Figure 4.4b). The posteriomedial 
portion of the cranial roof, comprising of the supraoccipital process, parietal bones and the 
posterior part of the frontal bones (see Figure 8.1 in Ghasemzadeh, 2016b), were carefully 
removed using a series of cuts with a scalpel to expose the vestibular system (inner ear), 
where the two sagittal otoliths (the largest of the three pairs of ear bones (saggitae) in a fish; 
King, 2007) could be clearly seen (Figure 4.4c). Both saggitae were removed using sharp-
pointed forceps, cleaned  
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Figure 4.4. Photographs showing the sequence of steps to remove the sagittal otoliths from 
the head of Chelon labrosus: a) the head before removal of the skin and superficial 
musculature to expose the cranium, b) the bones comprising the posteriomedial section of 
the neurocranial roof are carefully removed, c) The locations of the sagittal otoliths are 
indicated by the red arrows. 
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by immersion in distilled water in a petri dish and gently cleaned using a small fine-tipped 
paintbrush. Once cleaned, the otoliths were air-dried and stored in labelled manila envelopes 
until preparation for ageing (see section 4.2.3). The same cleaning technique of the saggital 
otoliths was used for both C. labrosus and L. abu. 
 
Pectoral arch bone and opercular, interopercular, subopercular and preopercular bones 
     The skin and superficial musculature were removed from the lateral flanks of the head to 
expose the suspensorium (the series of bone connecting the base of the lower jaw to the 
skull), the opercular series (the series of fused bones that form the operculum which covers 
and protects the gills) and the pectoral arch bone (or cleithrum, which anchors the base of 
the pectoral fin to the neurocranium) (see Ghasemzadeh, 2016b). The location of each of 
these bones on the skull of a mugilid is shown in Figure 4.5 and actual photographs of the 
bones, removed from a specimen of Chelon labrosus, are shown in Figure 4.6.  
 
 
Figure 4.5. Diagram showing the skeletal structure of the head and pectoral fin of a mugilid 
fish (taken from Ghasemzadeh, 2016b). A full description of the abbreviations is provided in 
Figure 8.5 of Ghasemzadeh (2016b). The bones removed for ageing purposes in the present 
study are circled in red. 
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Figure 4.6. Photograph showing the pectoral arch bone and the 4 fused bones of the opercular 
series (opercular, preopercular, interopercular and subopercular bones) on removal from a 
thick-lip grey mullet, Chelon labrosus. 
 
Using a scalpel, the pectoral arch bone (also known as the cleithrium; Ghasemzadeh, 2016b) 
was detached from the base of the pectoral fin and the neurocranium and the opercular series 
was lifted away from the cranium using forceps and detached using a scalpel (Figure 4.5). The 
opercular series comprised of 4 bones (Figure 4.6). The largest bone is the opercle which is 
roughly triangular in shape, in front of the opercle are the preopercular and interopercular 
bones whilst the subopercular is located posterior and ventral to the opercle bone (Figures 
4.5 and 4.6). The pectoral arch bone and the opercular series bones were gently scraped with 
a scalpel to remove any attached flesh. Bones from C. labrosus were stored in a labelled plastic 
bag in a -20°C freezer until final cleaning (see section 4.2.3). For L. abu, like the vertebrae the 
pectoral arch bone and the 4 fused bones of the opercular series were placed in boiling water 
for 3 to 5 minutes to ‘cook’ any remaining flesh so it could be easily cleaned off the bones 
using a fine-tipped paint brush. The bones were then air-dried and stored in labelled manila 
envelopes until preparation for ageing (see section 4.2.3).  
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Figure 4.7. Photographs showing the various hard parts removed from Chelon labrosus :  a) opercular 
bone, b) scale, c) vertebra, d) preopercular bone, e) otolith, f) pectoral arch bone, g) interopercular 
bone, h) subopercular bone.  
 
 
Figure 4.8. Photographs showing the various hard parts removed from the abu mullet Liza abu for age 
estimations: a) scale, b) otolith, c) vertebra, d) pectoral arch bone, e) subopercular bone, f) opercular 
bone, g) interopercular bone, h) preopercular bone.   
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4.2.3    Techniques used to prepare the hard parts for age estimation 
In order to age each fish, the hard parts from fish selected for ageing in this chapter were 
prepared using a series of different preparation techniques in order to determine which 
technique and which hard part were the most suitable for ageing. The factors that were 
considered were the speed/ease of preparation and the subsequent readability of the hard 
part to determine the number of annual growth annuli and hence the age of the fish. The 
scales were cleaned and aged as outlined in section 4.2.2. For the remaining seven hard parts 
– otolith, vertebrae, the four bones of the opercular series and the pectoral arch bone – seven 
different preparation techniques were used: 
 
Technique 1: Scrubbed and dried: The hard parts from C. labrosus were removed from the 
freezer, allowed to defrost and then placed in boiling water for 3 - 5 minutes to ‘cook’ any 
remaining flesh so it could be easily cleaned off the bones using a fine-tipped paint brush 
(Elzey et al., 2015). The bones were then air-dried and stored in labelled manila envelopes 
until they were aged. The hard parts for L. abu had already been cleaned using the same 
technique after dissection in Iraq.  To attempt to estimate the age of the structures, each 
different hard part was examined under a stereo-microscope or using a magnifying lenses, 
depending on its size, and photographed using a digital camera (Nikon D3000). The readability 
(see section 4.2.4) of the hard part and age were determined from the digital image.  
 
Technique 2: Bleached and dried: The hard parts from C. labrosus were removed from the 
freezer and allowed to defrost and then placed in bleach (< 5% Anionic Surfactants, Chlorine) 
overnight (ca. 17 hours) to dissolve any flesh remaining on the surface of the hard part. The 
hard parts of L. abu, which had already undergone initial cleaning in Iraq, were placed in 
bleach for 45 minutes. After cleaning in bleach, the hard parts were rinsed in water, and any 
remaining flesh on the bone surface removed using a fine-tipped paint brush (Elzey et al., 
2015). To age the structures, the hard part was examined under a stereo-microscope or using 
a magnifying lenses, depending on the size of the hard part, and photographed using a digital 
camera (Nikon D3000). The readability (see section 4.2.4) of the hard part and age were 
determined from the digital image.  
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Technique 3: Sodium hydroxide and dried: The hard parts from C. labrosus were removed 
from the freezer and allowed to defrost and then placed in a sodium hydroxide solution [5% 
NaOH: v:v] overnight (ca. 17 hours) to dissolve any flesh remaining on the surface of the hard 
part. The hard parts of L. abu, which had already undergone initial cleaning in Iraq, were 
placed in the NaOH solution for 45 minutes. After cleaning in bleach, the hard parts were 
rinsed in tap water, and any remaining flesh on the bone surface removed using a fine-tipped 
paint brush (Elzey et al., 2015). To age the hard parts, they were examined under a stereo-
microscope or using a magnifying lenses, depending on the size of the hard part, and 
photographed using a digital camera (Nikon D3000). The readability (see section 4.2.4) of the 
hard part and age were determined from the digital image. 
 
Technique 4:  Scrubbed and Cedar wood oil: After cleaning in boiling water and cleaned with 
a fine-tipped paint brush as outlined in Technique 1, the hard parts were immersed in cedar 
wood oil for 1 – 2 minutes, dried and examined under a stereo-microscope or using a 
magnifying lenses, depending on the size of the hard part, and photographed using a digital 
camera (Nikon D3000). The readability (see section 4.2.4) of the hard part and age were 
determined from the digital image. 
 
Technique 5: Resin-embedded and sectioned  
After cleaning in boiling water to cook any remaining flesh hard parts and cleaning with a fine-
tipped paint brush as outlined in Technique 1, the hard parts were air-dried until completely 
dry and then they were embedded in suitable sized moulds containing epofix resin (Epofix, 
Struers) and the resin allowed to harden for at least 24 hours.  The embedded hard parts were 
removed and sectioned between the transverse and frontal planes using a high-speed Buehler 
Isomet diamond saw lubricated with flowing water. The right sagitta was sectioned, with the 
cross-sectional cut passing through the nucleus (see Oliver et al., 1991).  The sectioned hard 
parts were then ground on successively finer wet and dry papers (400 grit to 2000 grit) on a 
rotating stage lubricated with flowing water.  The ground surfaces were dried and then 
polished using a cloth soaked in a diamond paste solution and the surfaces cleaned with 
detergent and warm water.  Each dry polished surface was glued to the face of a glass slide 
using rapid setting araldite glue and when dry the resin block was clamped in a stage in the 
diamond saw and the resin block removed so that a section of about 0.5 to 1mm thick 
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remained attached to the glass slide (see the similar procedures reported in previous studies 
of otoliths i.e. Smith and Deguara 2003, Chang et al. 2004).  The cut surface of this thin section 
of the hard part was ground on wet and dry paper, polished with diamond paste and the thin 
section viewed in a transmitted light microscope at x4, x10 and x40 magnifications.  The 
section was photographed using a digital camera (Nikon D300) and the the readability (see 
section 4.2.4) of the hard part and the age were determined from digital images of the hard 
part.  The number of clear growth lines were counted. 
 
Technique 6: Resin-embedded, sectioned and preparation of acetate peel replicas 
The acetate peel replica technique is complementary to the thin sectioning technique 
(Technique 5). After estimating the age of the hard part from the thin section the polished 
surface was etched with a 0.1M HCl solution for 10 seconds to etch the polished surface and 
enhance the contrast of the annual rings.  Following etching the surface was rinsed in fresh 
water and the surface allowed to air-dry.  Once dry, in a fume cupboard a few mls of Ethyl 
Acetate were applied to the polished and etched surface and a small strip of acetate sheet 
(Agar aids) laid onto the wet surface of the block.  After about 10-15minutes the dry “peel” 
was carefully removed and placed between two glass slides secured at the end of the slide 
with tape and examined under a transmitted light microscope and the growth rings counted 
and the images photographed using a digital camera (Nikon D300).  The age of the hard parts 
was determined from the digital image of the annual rings in the acetate peels. 
 
Technique 7: Scrubbed, burnt and Cedar wood oil : After cleaning in boiling water and cleaned 
with a fine-tipped paint brush as outlined in Technique 1, the hard parts were immersed in 
cedar wood oil for 1 – 2 minutes, dried, burnt in an oven at 160  ͦC. To age the hard part it was 
examined under a stereo-microscope or using a magnifying lenses, depending on size of the 
hard part, and then photographed using a digital camera (Nikon D3000). The readability (see 
section 4.2.4) of the hard part and age were determined from the digital image. 
 
4.2.4    Ageing and assessing readability of hard parts using the different preparation 
techniques 
The age of each fish was determined from the digital images obtained for the seven hard parts 
prepared using the seven different preparation techniques. For each fish, the number of 
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annuli that could be observed on the hard part were counted to give the age in years. In order 
to provide the best confidence in the estimate of age, the best image for each hard 
part/preparation technique was selected and then examined on three occasions to decide on 
the age. This was done without reference to knowledge of the fish size, collection date or age 
estimates obtained using the other bony structures, although the reading on the second and 
third occasions was done so following reference to the previous age estimate(s) for that hard 
part (Barnes and Power, 1984; Zymonas and McMahon, 2009; Oplinger and Wagner, 2015). 
As part of the age determination procedure, the readability of each hard part, prepared using 
the 7 different preparation techniques, was assessed using the 6 point readability scale 
presented in Table 4.1. This scoring system was based on an ability to discern the growth 
rings/annuli on the hard part and on the clarity of these bands in the digital photograph. A 
readability scale provided a score of 0 when the hard part was completely unreadable and a 
maximum score of 5 stars (5*****) when the growth rings were very clear on the hard part 
with all bands clearly discernible and easy to read thus providing a high degree of confidence 
in the age estimate.  Photographic examples of the different readability scores (0 – 5) across 
all seven hard parts used in this study are presented in Figures 4.9 to 4.10. 
 
 
Figure 4.9. Example of the interopercular bone from Abu mullet, Liza abu with a readability score of 
zero (0):   
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Table 4.1. The scale that used to determine readability (0 – 5*****) of each hard part using 
the different techniques. 
Score of 
readability 
Example  
photographs 
Description 
0 Figure 4.9 
There is no evidence of any visible growth bands on the structure 
either to the naked eye or when viewed under the microscope. There 
is no penetration of light through the structure. The structure is 
unreadable. 
1* Figure 4.10 
Vague traces of growth rings are visible, either to the naked eye on 
some large hard parts (e.g. opercular bones), or under the light 
microscope or using a magnifying lens for smaller hard parts (e.g. 
otoliths). However, only some incomplete / partial bands are visible 
and it would appear that not all bands are visible with ‘gaps’ in the 
banding structure. The structure is extremely difficult to read, with 
a very low degree of confidence in the age. 
2** Figure 4.11 
Traces of growth rings are visible, either to the naked eye on some 
large hard parts (e.g. opercular bones), or under the light microscope 
or using a magnifying lens for smaller hard parts (e.g. otoliths). 
Although full bands are discernible, there is some shadowing which 
affects readability. Sufficient banding patterns can be seen to allow 
age to be estimated, although with some uncertainty so 
confidence in ageing is low. 
3*** Figure 4.12 
Traces of growth rings are visible, either to the naked eye on some 
large hard parts (e.g. opercular bones), or under the light microscope 
or using a magnifying lens for smaller hard parts (e.g. otoliths). 
Sufficient banding patterns can be seen to allow age to be 
estimated with a degree of confidence. 
4**** Figure 4.13 
All growth rings can be clearly seen either to the naked eye for large 
hard parts (e.g. opercular bones), or under the light microscope or 
using a magnifying lens for smaller hard parts (e.g. otoliths). The 
growth band pattern is clear with all rings discernible and 
readable allowing ageing with confidence. 
5***** Figure 4.14 
All growth rings can be seen very clearly either to the naked eye for 
large hard parts (e.g. opercular bones), or under the light microscope 
or using a magnifying lens for smaller hard parts (e.g. otoliths). The 
growth band pattern is very clear with all rings clearly 
discernible and easy to read allowing ageing with confidence 
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Figure 4.10. Examples of hard parts from grey mullet with a readability score of 1 (*): a) the pectoral 
arch bone of a 2 year old Liza abu, b) the subopercular of a 1 year old L. abu and c) an otolith of a 2 
year old of L. abu. 
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Figure 4.11. Examples of hard parts from grey mullet with a readability score of 2 (**): a) the vertebra 
of a 7 year old Chelon labrosus, b) the opercular bone of a 7 year old C. labrosus and c) the preopercular 
bone for a 6 year old C. labrosus. 
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Figure 4.12. Examples of hard parts from grey mullet with a readability score of 3 (***): a) an otolith 
from a 5 year old Liza abu, b) the interopercular bone from a 6 year old Chelon labrosus and c) the 
vertebra from an 8 year old C. labrosus. 
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Figure 4.13. Examples of hard parts from grey mullet with a readability score of 4 (****): a) the 
pectoral arch bone from a 7 year old Chelon labrosus, b) the subopercular bone from a 10 year old C. 
labrosus and c) the vertebra from a 7 year old C. labrosus. 
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Figure 4.14. Examples of hard parts from grey mullet with a readability score of 5 (*****): a) the 
vertebra and b) an otolith from a 5 year old of Liza abu. 
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4.2.5   Timing of formation of the rings in scales and otoliths  
In order to determine the time when the rings in the scale and otolith were formed, the scales 
and otoliths from Chelon labrosus and Liza abu were investigated in detail. For both fish 
species, the distance between the last formed ring in both the scale and otolith and the edge 
of the structure was measured using a transmitted light microscope fitted with a micrometer 
eyepiece graticule. In addition, images of each structure were photographed and the image 
imported into an image analysis program and the calibrated distance measured between the 
last ring formed and the edge of the structure. This was undertaken for six thick-lip mullet 
(three males and three females) and four abu mullet (two males and two females) fish in 
every monthly sample available from the fieldwork conducted in 2014 and 2015. These 
marginal increment (MIA) data were plotted against month of fish collection to determine 
when the growth ring was complete and a new ring was starting to form in order to validate 
annual ring formation 
 
4.2.6   Data analysis 
The readability data obtained for each of the seven bones prepared for ageing using the seven 
different techniques were expressed as mean values ± SD and displayed using whisker and 
box plots. For each bony structure, the mean readabilities for each preparation technique 
were compared using a One Way Analysis of Variance (ANOVA). Where the ANOVA was 
significant, this was followed by a Duncan’s multiple range test to determine which 
preparation techniques produced similar readability values (Khan and Khan, 2009; Khan et al., 
2013, 2015a & b). Once the preparation technique that provided the best readability for each 
aging structure had been assessed, age bias plots (Campana et al., 1995) were drawn to 
compare scale age with the ages obtained using the seven alternative ageing structures with 
the line of equivalence to display visually whether there was any underestimation or 
overestimation (i.e. bias) in the ages obtained (e.g. Herbst and Marsden, 2011; Khan et al., 
2013; Van der Meulen et al., 2013; Khan et al., 2015a). The relationship between the two ages 
on each age bias plot was described using linear regression and the magnitude of the slope 
(b-value) used as an indication of the deviation from equivalence. A paired t-test was used to 
compare scale age against the ages obtained using the seven alternative ageing structures to 
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determine whether they were significantly different (Secor et al., 1995; Herbst and Marsden, 
2011; Jatmiko et al., 2013; Van der Meulen et al., 2013). A χ2 test of symmetry was used to 
determine whether there was any systematic (i.e. positive or negative bias) age estimation 
differences between age estimation structures or whether the differences observed were a 
result of random error (Hoenig et al., 1995). This method uses a chi-square distribution to test 
the hypothesis that the two ages determined (usually by two readers but in this study by two 
ageing structures) are symmetric around a 1:1 relationship (Hoenig et al., 1995). This 
technique has been used to determine whether there is significant bias towards 
underestimation or overestimation in ageing in a number of studies comparing different 
ageing structures in teleost fishes (e.g. Hoenig et al., 1995; Muir et al., 2008; Vandergoot et 
al., 2008; Herbst and Marsden, 2011; Baudouin et al., 2016). The relationships between size 
(Total Length, cm) and age were described using the von Bertalanffy growth equation (see 
Section 2.2.3b) where age was estimated using the scales or using one of the seven bony 
structures and the ratios (alternative structure/scale) for asymptotic total length (L∞, cm) and 
growth coefficient (k, year-1) were calculated. A ratio of 1.00 would occur where the same L∞ 
or k values were obtained for the two growth curves.   
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4.3  Results 
 
4.3.1  Readability of the different hard parts 
Chelon labrosus 
Fish scales were used as the reference structure against which the readability of the other 
bony structures were compared. The readability of scales was scored as 5 and examples of 
scales from thick-lip grey mullet between 6 and 12 years old are presented in Figure 4.16 to 
show the clarity of ageing. There were considerable differences in readability scores observed 
between the different bones and between the different preparation techniques and the full 
range of all readability scores, from 0 to 5, were observed in the study (see Table 4.2). For all 
seven bones, there were highly significant differences (all p < 0.001) in average readability 
after preparation using the seven different preparation techniques (Table 4.2; Figure 4.15). 
Example photographs of the best readability scores obtained using each technique are 
presented for the 7 bony structures in Figures 4.16 to 4.23. 
    For the vertebrae and sagittal otoliths, techniques 4 (scrub-dry-cedar oil) and technique 7 
(scrub-dry-burn-cedar oil) were the best preparation techniques resulting in rings and 
banding patterns that were clear or very clear, i.e. scoring at least 4 on the readability scale. 
Average readability scores of 4.5, 4.2 and 4.3 were obtained for vertebrae/technique 7, 
otolith/technique 4 and otolith/technique 4 respectively and all the vertebra scored a 
readability of 5 using technique 4 (Table 4.2; Figure 4.15). For the pectoral arch bone, 
technique 4 (scrub-dry-cedar oil) also produced good readability scores with scores of 3 to 5 
(average = 4.1) (Table 4.2; Figure 4.E). For these three bones, all other preparation techniques 
resulted in poorer readability, i.e. scores usually between 1 and 3 with average scores  of less 
than 3, although sufficient banding and ring patterns were evident using technique 1 (scrub-
dry) to provide age estimates (average = 3.4, 3.2 and 3.2 respectively) (Table 4.2; Figure 4.15). 
    For the opercular, interopercular and preopercular bones, the readability scores obtained 
using the seven different preparation techniques were variable. However, the general pattern 
was for techniques 4 (scrub-dry-cedar oil) and 7 (scrub-dry-burn-cedar oil) to provide the best 
readability scores, i.e. scores between 2 and 4 and average readabilities of around 3 with the 
other techniques resulting in poor readability, i.e. readability scores between 1 and 
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Table 4.2.  Readability scores (mean ± SD with range in parentheses; n = 23) for seven different bones of Chelon labrosus from Northwest Wales 
prepared for ageing using seven different techniques. The readability is on a scale of 0 (unreadable) – 5 (excellent) and identifies the clarity of 
growth rings (see Table 4.1 for detailed description) when viewed using a stereo-microscope. Average readability scores of ≥ 4 are highlighted 
in grey. Readability scores for the same bone using the different techniques (i.e. down columns) are compared using a one way ANOVA followed 
by Dunn’s Multiple Range Test [techniques with similar readabilities (p > 0.05) are indicted with the same superscript].  Note: the scale on C. 
labrosus scores as 5 (see Figure 4.16). 
 
Technique Vertebra Pectoral arch Opercular Interopercular Preopercular Subopercular Otolith 
1. Scrub / Dry 3.4 ± 0.5c 
(3 – 4) 
3.1 ± 0.6b 
(2– 4) 
2.7 ± 0.5b 
(2 – 3) 
2.3 ± 0.5b 
(2 – 3) 
2.7 ± 0.5b 
(2 – 3) 
1.1 ± 0.3b 
(1 – 2) 
3.2 ± 0.4b 
(3 – 4) 
2. Bleach / Dry 2.4 ± 0.5d 
(2 – 3) 
1.2 ± 0.4d 
(1 – 2) 
2.7 ± 0.5b 
(2 – 3) 
1.3 ± 0.5c 
(1 – 2) 
1.7 ± 0.5c 
(1 – 2) 
0.1 ± 0.3c 
(0 – 1) 
2.2 ± 0.4c 
(2 – 3) 
3. NaOH / Dry 2.4 ± 0.5d 
(2 – 3) 
2.1 ± 0.6c 
(1 – 3) 
1.7 ± 0.5c 
(1 – 2) 
1.3 ± 0.5c 
(1 – 2) 
1.7 ± 0.5c 
(1 – 2) 
0.1 ± 0.3c 
(0 – 1) 
2.2 ± 0.4c 
(2 – 3) 
4. Scrub / Dry 
    Cedar oil 
5a 
4.1 ± 0.6a 
(3 – 5) 
3.7 ± 0.5a 
(3 – 4) 
3.3 ± 0.5a 
(3 – 4) 
3.7 ± 0.5a 
(3 – 4) 
2.0 ± 0.7a 
(1 – 3) 
4.2 ± 0.4a 
(4 – 5) 
5. Resin / Section 2.4 ± 0.5d 
(2 – 3) 
2.1 ± 0.6c 
(1 – 3) 
2.7 ± 0.5c 
(2 – 3) 
2.3 ± 0.5b 
(2 – 3) 
1.7 ± 0.5c 
(1 – 2) 
0.1 ± 0.3c 
(0 – 1) 
3.2 ± 0.4b 
(3 – 4) 
6. Resin / Section / 
    Peel 
1.4 ± 0.5d 
(1 – 2) 
1.2 ± 0.4d 
(1 – 2) 
2.7 ± 0.5d 
(2 – 3) 
1.3 ± 0.5c 
(1 – 2) 
1.7 ± 0.5c 
(1 – 2) 
0c 
1.2 ± 0.4d 
(1 – 2) 
7. Scrub / Dry / 
    Cedar oil / Burn 
4.5 ± 0.5b 
(4 – 5) 
3.2 ± 0.6b 
(2 – 4) 
3.1 ± 0.6b 
(2 – 4) 
3.1 ± 0.7a 
(2 – 4) 
2.7 ± 0.4b 
(2 – 3) 
2.1 ± 0.3a 
(1 – 3) 
4.3 ± 0.5a 
(4 – 5) 
 F6,63 = 62.4 
p < 0.001 
F6,63 = 33.1 
p < 0.001 
F6,63 = 12.5 
p < 0.001 
F6,63 = 23.2 
p < 0.001 
F6,63 = 22.8 
p < 0.001 
F6,63 = 37.6 
p < 0.001 
F6,63 = 58.5 
p < 0.001 
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Figure 4.15. Whisker and box plots presenting the average readability of different bones from 
Chelon labrosus from Northwest Wales prepared for ageing using seven different techniques 
(see section 4.2.3 for a description of each technique). The readability is on a scale of 0 
(unreadable) – 5 (excellent) and identifies the clarity of growth rings (see Table 4.1 for detailed 
description) when viewed using a stereo-microscope.  
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3 and average readabilities of less than 3 (Table 4.2; Figure 4.15). Readability scores for the 
subopercular  bone  were  particularly  poor  with  the bone being  unreadable using most 
techniques (i.e. techniques 1 – 3 and 4 – 5) and poor using techniques 4 (scrub-dry-cedar oil) 
and 7 (scrub-dry-burn-cedar oil) which resulted in the best readability scores (1 to 3; average 
scores of ca. 2) for this bone (Table 4.2; Figure 4.15). 
     From Table 4.2, it is clear that some preparation techniques resulted in better or poorer 
readability regardless of the bones that were used for ageing. For all bones, techniques 4 
(scrub-dry-cedar oil) and 7 (scrub-dry-burn-cedar oil) produced the best readability scores 
and techniques 2 (Bleach-Dry) and 5 (Resin-Section) produced the poorest readability of the 
banding patterns. Overall, the following ranking pattern was evident: 
 
   Technique:   [4 = 7]    >    1    >    5    >    3    >    [2 = 6]  
Average Readability:     3.3       2.6      2.1      1.6           1.4   
 
In summary, for C. labrosus the best banding patterns were observed using vertebra or 
saggital otoliths prepared using techniques 4 (scrub-dry-cedar oil) or 7 (scrub-dry-burn-
cedar oil).   
 
Liza abu 
The scales were again used as the reference structure against which the readability of the 
other bony structures were compared. The readability of scales was scored as 4 and examples 
of scales from abu mullet between 1 and 5 years old are presented in Figure 4.24 to show 
differences in the clarity of the structures and their ease in age determination. There were 
considerable differences in readability scores observed between the different bones and 
between the different preparation techniques and all readability scores, from 0 to 5 (Table 
4.1) were observed in the study (Table 4.3).  Example photographs of the best readability 
scores obtained using each technique are presented for the 7 bony structures in Figures 4.25 
to 4.31. 
    For the vertebra, pectoral arch bone and saggital otolith, there were significant differences 
(all p < 0.05) in the average readability scores obtained using the seven different preparation 
techniques (Table 4.3; Figure 4.32). For the vertebrae and sagittal otoliths, techniques 4 
(scrub-dry-cedar oil) and 7 (scrub-dry-burn-cedar oil) were the best preparation techniques 
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Table 4.3. Readability scores (mean ± SD with range in parentheses; n = 23) for seven different bones of Liza abu from Central Iraq prepared for 
ageing using seven different techniques. The readability is on a scale of 0 (unreadable) – 5 (excellent) and identifies the clarity of growth rings 
(see Table 4.1 for detailed description) when viewed using a stereo-microscope. Average readability scores of ≥ 4 are highlighted in grey. Average 
readability scores of ≥ 4 are highlighted in grey. Readability scores for the same bone using the different techniques (i.e. down columns) are 
compared using a one way ANOVA followed by Dunn’s Multiple Range Test [techniques with similar readabilities (p > 0.05) are indicted with the 
same superscript. Note: the scale on L. abu scores as 4. 
 
Technique Vertebra Pectoral arch Opercular Interopercular Preopercular Subopercular Otolith 
1. Scrub / Dry 3.3 ± 0.6b 
(3 – 4) 
3.0 ± 0.6a,b 
(2 – 4) 
3.0 ± 1.0a 
(2 – 4) 
2.0 ± 1.0 
(1 – 3) 
1.3 ± 0.6 
(1 – 2) 
0.3 ± 0.6 
(0 – 1) 
3.3 ± 0.6b 
(3 – 4) 
2. Bleach / Dry 1.3 ± 0.6c 
(1 – 2) 
1.3 ± 0.6c 
(1 – 2) 
1.3 ± 0.6b 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
0 
1.3 ± 0.6c 
(1 – 2) 
3. NaOH / Dry 1.3 ± 0.6c 
(1 – 2) 
2.0 ± 1.0b,c 
(1 – 3) 
1.3 ± 0.6b 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
0 
1.3 ± 0.6c 
(1 – 2) 
4. Scrub / Dry 
    Cedar oil 
4.6 ± 0.6a 
(4 –5) 
4.0 ± 1.0a 
(3 – 5) 
2.7 ± 0.6a,b 
(2 – 3) 
2.7 ± 0.6 
(2-3) 
2.3 ± 0.6 
(2 – 3) 
0.7 ± 0.6 
(0 – 1) 
5.0a 
5. Resin / Section 1.3 ± 0.6c 
(1 – 2) 
1.3 ± 0.6c 
(1 – 2) 
1.3 ± 0.6a 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
0 
1.3 ± 0.6c 
(1 – 2) 
6. Resin / Section / 
    Peel 
1.3 ± 0.6c 
(1 – 2) 
1.3 ± 0.6c 
(1 – 2) 
1.3 ± 0.6b 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
1.3 ± 0.6 
(1 – 2) 
0.3 ± 0.6 
(0-1) 
1.3 ± 0.6c 
(1 – 2) 
7. Scrub / Dry /  
    Cedar oil / Burn  
4.6 ± 0.5a 
(4 – 5) 
2.8 ± 0.8a,b,c 
(2 – 4) 
1.8 ± 0.8a,b 
(1 – 3) 
1.8 ± 0.8 
(1 – 3) 
1.2 ± 0.4 
(1 – 3) 
0.6 ± 0.5 
(0 – 1) 
5.0a 
 F6,22 = 27.3 
p < 0.001 
F6,22 = 4.95 
p = 0.005 
F6,22 = 3.01 
p < 0.037 
F6,22 = 1.55 
p = 0.22 
F6,22 = 1.59 
p = 0.22 
F6,22 = 1.39 
p = 0.28 
F6,63 = 52.2 
p < 0.001 
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Figure 4.32. Whisker and box plots presenting the average readability of different bones of 
Liza abu from Central Iraq prepared for ageing using seven different techniques (see section 
4.2.3 for a description of each technique. The readability is on a scale of 0 (unreadable) – 5 
(excellent) and identifies the clarity of growth rings (see Table 4.1 for detailed description) 
when viewed using a stereo-microscope.  
Chapter 4: Comparing the suitability of different calcified structures to age grey mullet 
 
280 
 
resulting in ring/banding patterns that were clear or very clear, i.e. scoring 4 or 5 for the 
vertebra (average = 4.6) and all otoliths scored a readability of 5. However, the other 
preparation techniques all resulted in poor readability, i.e. scores of 1 or 2 (average = 1.3), for 
the vertebra and sagittal otoliths with the exception of technique 1 (scrub-dry) which 
produced sufficient clear banding patterns to produce readability scores of 3 or 4 (average = 
3.3) (Table 4.3). For the pectoral arch bone, technique 4 (scrub-dry-cedar oil) also produced 
good readability scores, i.e. scores of 3 to 5 (average = 4), with all other preparation 
techniques resulting in poor readability, i.e. most scores < 3 (Table 4.3; Figure 4.32).   
    For the four opercular bones, the readability scores obtained using all seven different 
preparation techniques were generally poor, i.e. most readability scores were 2 or 3 (Table 
4.3; Figure 4.32), and there were no differences in the average readability scores obtained 
using the seven different preparation techniques (all p > 0.05). Readability scores for the sub-
opercular bone were particularly poor with this bone being unreadable using techniques 2 
(bleach-dry), 3 (NaOH-dry) and 5 (resin-section) (Table 4.3; Figure 4.32).  
    From Table 4.3, it is clear that some preparation techniques resulted in better or poorer 
readability of the rings and banding patterns regardless of the bones used for ageing. For all 
bones, technique 4 (scrub-dry-cedar oil) produced the best readability scores and techniques 
2 (bleach-dry) and 5 (resin-section) produced the poorest readability of the banding patterns. 
Overall, the following ranking pattern was evident: 
     Technique:     4    >    7    >    1    >    [3 = 6]    >    [2 = 5]  
  Average Readability  3.1       2.5       2.3   1.2            1.1   
 
In summary, for Liza abu the best ring/banding patterns were observed in the sagittal otoliths 
and vertebrae prepared using techniques 4 (scrub-dry-cedar oil) or 7 (scrub-dry-burn-cedar 
oil).  
 
4.3.2   Timing of formation of the rings in scales and otoliths 
Figure 4.32a-b shows the seasonal formation of the marginal increment in both scales and 
otoliths for male and female Chelon labrosus.  In 2014, the ring began to appear in otoliths 
and scales in both male and female fish in April whereas in 2015 it began to appear in fish 
sampled in May.  In North Wales the seawater temperature is at its lowest in March and April  
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Figure 4.32. Monthly changes in the marginal increment of otoliths and scales for a) male and b) female thick-lip grey mullet Chelon labrosus in 
from Northwest Wales sampled in 2014 and 2015 and c) male and b) female Liza abu sampled in Central Iraq in 2014 and 2015. 
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and the temperature begins to rise in May indicating that ring formation occurs during the 
coldest months of the year. There was no apparent difference in the timing of growth ring 
formation in scales and otoliths or between male and female fish.  In Liza abu (Figure 4.32c-
d), the marginal increment data show that growth ring formation in scales and otoliths in 
2014/2015 began in male fish between January and February and in female fish in January. 
Formation of the ring occurred at the time of the lowest water temperatures in Central Iraq. 
These results indicate that for both species, ring formation has an annual periodicity enabling 
the age of the two mullet species to be determined with confidence using the various hard 
parts.  
 
4.3.3  Comparison of ages obtained from the different hard parts 
As stated in section 4.3.1, scales were used as the reference structure for ageing against which 
the ages obtained using the seven other bony structures were compared. The aim of the 
following analysis was to determine whether other hard parts can provide comparable ages 
to the scale in Chelon labrosus and Liza abu.  
Chelon labrosus 
Age bias plots showing the estimated ages obtained for thick-lip grey mullet from the scales 
plotted against the alternative bony structure are shown in Figure 4.34. The line of 
equivalence, where the same age is obtained for each fish from the scale and the alternative 
hard part is also presented on each bias plot. All seven alternative ageing structures produced 
very strong and significant linear relationships versus scale age (Table 4.4) although the 
amount of scatter in the plot varied between hard parts. The scale:otolith and scale:vertebrae 
age bias plots displayed very little scatter with r2 values of 0.992 for the regressions (Figure 
4.34a and b; Table 4.4). The scale:pectoral arch bone plot displayed a little more scatter, 
especially for the oldest fish where the age of the fish was determined as 14-15 years old 
using scales but were aged at 10-13 years old using the pectoral arch bone (Figure 4.34c; Table 
4.4). The estimated ages obtained from the 4 opercular bones were the most variable with 
more scatter in the linear age bias plots (Figure 4.34d-g), especially for the subopercular bone 
(Figure 4.34g). In addition, the otolith:vertebrae age-bias plot displayed very little scatter with 
an r2 value of 0.985 for the regression (Figure 4.34h; Table 4.4). 
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Figure 4.34. Age bias plots of the age estimates obtained for 47 mullet Chelon labrosus obtained using 
scales and for seven alternative bony structures: a) sagittal otolith, b) vertebra, c) pectoral arch bone, 
d) opercular bone, e) interopercular bone, f) preopercular bone, g) subopercular bone plus h) otolith 
vs. vertebrae. All bony structures aged were prepared using Technique 4. The 1:1 line is provided on 
each graph. The regression details for each regression line are presented in Table 4.4. 
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Table 4.4.  Constants for the regression equations (Y = a + bX) relating scale age to the age 
obtained using an alternative bony structure and otolith age vs. vertebrae age for Chelon 
labrosus. The scatter plots are presented in Figure 4.34.  
 
Comparison a b r2 P 
Scale vs. 
otolith 
-0.248 ± 0.135 
P = 0.073 
0.965 ± 0.013 
P < 0.001 
0.992 < 0.001    
Scale vs.  
vertebra 
0.147 ± 0.132 
P = 0.27 
0.980 ± 0.013 
P < 0.001 
0.993 < 0.001    
Scale vs. 
pectoral arch 
0.580 ± 0.207 
P = 0.007 
0.850 ± 0.020 
P < 0.001 
0.976 < 0.001    
Scale vs. 
opercular 
0.414 ± 0.275 
P = 0.14 
0.831 ± 0.026 
P < 0.001 
0.956 < 0.001    
Scale vs. 
Interopercular 
0.115 ± 0.235 
P = 0.63 
0.812± 0.022 
P < 0.001 
0.966 < 0.001    
Scale vs. 
Preopercular 
0.353 ± 0.186 
P = 0.07 
0.589 ± 0.018 
P < 0.001 
0.960 < 0.001    
Scale vs.  
Subopercular 
0.013 ± 0.236 
P = 0.96 
0.654± 0.023 
P < 0.001 
0.948 < 0.001    
Otolith  vs.  
vertebra 
-0.032 ± 0.188 
P = 0.87 
1.009 ± 0.018 
P < 0.001 
0.985 < 0.001    
 
 
Table 4.5. Comparisons of the age estimates obtained for 47 Chelon labrosus using scales and 
seven different bony structures using a paired t test and a McNemar’s χ2 test of asymmetry. 
Non-significant differences are highlighted in bold.  
 
Comparison Paired t P χ2 df P 
Scale vs. 
otolith 
t = 1.77 0.08 13.33 12 0.35 
Scale vs.  
vertebra 
t = 0.85 0.40 9.66 10 0.47 
Scale vs. 
pectoral arch 
t = 7.57 < 0.001 40.0 30 < 0.001 
Scale vs.  
opercular 
t = 8.69 < 0.001 39.0 29 < 0.001 
Scale vs. 
Interopercular 
t = 12.31 < 0.001 44.0 29 < 0.001 
Scale vs.  
Preopercular 
t = 14.72 < 0.001 45.0 30 < 0.001 
Scale vs.  
Subopercular 
t = 15.35 < 0.001 45.0 32 < 0.001 
Otolith vs.  
vertebra 
t = 0.78 0.44 15.6 17 0.55 
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     From the age bias plots in Figure 4.34 and the regression details shown in Table 4.4 it can 
be seen that there is little deviation away from the line of equivalence for the scale:otolith 
and scale:vertebrae data and the slopes of the regression lines for these two hard parts  
are 0.96 and 0.98 respectively. The scale:pectoral arch bone, scale:opercular and 
scale:interopercular bone age bias plots show that similar estimated ages are obtained for 
younger fishes but these  bones underestimate age for fish >6 years old and the slopes (b) of 
the regression lines for these plots are between 0.81 and 0.85 respectively. Ageing the fish 
using the preopercular and subopercular bones underestimated the age of all the mullet with 
the exception of the youngest fish with the oldest fish being under aged by up to 6 years. The 
slopes (b) for the scale: preopercular and scale: subopercular regression lines were 0.59 and 
0.66 respectively (Table 4.4). The age-bias plot for the otolith: vertebrae data indicated that 
the data were overlying the line of equivalence with a slope value of 1.01. 
     The age estimations from each of the seven hard parts were compared with scale age using 
a paired t-test followed by a McNemar’s χ2 test of asymmetry. The results indicate that the 
otolith and vertebra produced similar age estimates to the scale  and to each other (all p > 
0.05; Table 4.5) and the test of asymmetry indicated no bias in the age estimates (all p > 0.05; 
Table 4.5). However, the other 5 bony parts all produced age estimates that were significantly 
different from the scale age and the test of asymmetry indicated significant bias in the age 
estimates (all p < 0.001; Table 4.5). Thus, these results indicate that comparable age estimate 
are obtainable for Chelon labrosus using the scale, vertebrae and otoliths but the pectoral 
arch bone and the 4 bones of the operculum result in significantly lower age estimates 
compared to the scale and so are not suitable alternative ageing structures. 
 
Liza abu 
Age bias plots showing the estimated ages obtained for abu mullet from the scales plotted 
against the alternative bony structure are shown in Figure 4.35. The line of equivalence, 
where the same age is obtained for each fish from the scale and the alternative hard part is 
also presented on each plot. All seven alternative ageing structures produced very strong and 
significant linear relationships against scale age (Table 4.6) although the amount of scatter in 
the plot varied between the hard parts and was greater than that observed for Chelon 
labrosus (Figure 4.34). The scale:otolith age bias plot displayed the least scatter with an r2 
value of 0.955 for the regression, however, the age bias plots for the other 6 hard parts 
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Figure 4.35. Age bias plots of the age estimates obtained for 23 Liza abu obtained using scales and for 
seven alternative bony structures: a) sagittal otolith, b) vertebra, c) pectoral arch bone, d) opercular 
bone, e) interopercular bone, f) preopercular bone, g) subopercular bone plus h) otolith vs. bertebrae. 
All bony structures were prepared using Technique 4. The 1:1 line is provided on each graph. The 
regression details for each regression line are presented in Table 4.6. 
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Table 4.6.  Constants for the regression equations (Y = a + bX) relating scale age to the age 
obtained using an alternative bony structure and otolith age vs. vertebrae age for Liza abu. 
The scatter plots are presented in Figure 4.35.  
Comparison a b r2 P 
Scale vs. 
otolith 
0.246 ± 0.106 
P = 0.03 
0.930 ± 0.043 
P < 0.001 
0.955 < 0.001    
Scale vs.  
vertebra 
-0.263 ± 0.172 
P = 0.14 
1.125 ± 0.070 
P < 0.001 
0.921 < 0.001    
Scale vs. 
pectoral arch 
-0.629 ± 0.168 
P < 0.001 
0.714 ± 0.069 
P < 0.001 
0.830 < 0.001    
Scale vs. 
opercular 
-0.332 ± 0.139 
P = 0.026 
0.812 ± 0.056 
P < 0.001 
0.903 < 0.001    
Scale vs. 
Interopercular 
-0.211 ± 0.153 
P = 0.18 
0.693± 0.062 
P < 0.001 
0.848 < 0.001    
Scale vs. 
Preopercular 
-0.422 ± 0.157 
P = 0.014 
0.652 ± 0.064 
P < 0.001 
0.824 < 0.001    
Scale vs.  
Subopercular 
-0.849 ± 0.147 
P < 0.001 
0.601± 0.060 
P < 0.001 
0.820 < 0.001    
Otolith vs.  
vertebra 
-0.488 ± 0.193 
P = 0.02 
1.179 ± 0.077 
P < 0.001 
0.915 < 0.001    
 
 
Table 4.7. Comparisons of the age estimates obtained for 23 Liza abu using scales and seven 
different bony structures using a paired t test and a McNemar’s χ2 test of asymmetery. Non-
significant differences are highlighted in bold.  
 
Comparison Paired t P Χ2 df P 
Scale vs. 
otolith 
t = 0.22 0.83 4.0 3 0.26 
Scale vs.  
vertebra 
t = 0.33 0.75 5.0 6 0.54 
Scale vs. 
pectoral arch 
t = 15.62 < 0.001 20.0 9 0.009 
Scale vs.  
opercular 
t = 12.31 < 0.001 19.0 8 0.015 
Scale vs. 
Interopercular 
t = 11.28 < 0.001 23.0 10 0.011 
Scale vs.  
Preopercular 
t = 13.84 < 0.001 23.0 11 0.018 
Scale vs.  
Subopercular 
t = 18.81 < 0.001 23.0 10 0.011 
Otolith vs.  
vertebra 
t = 0.90 0.38 9.0 6 0.17 
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displayed more scatter, as indicated by the size of the r2 (which explains how much variance 
in the data is explained by the regression line) which varied between 0.82 and 0.92 (Figure 
4.35a and b; Table 4.6). ). In addition, the otolith:vertebrae age-bias plot displayed scatter 
around the line of equivalence with an r2 value of 0.9i5 for the regression (Figure 4.35h; Table 
4.4). 
     From the age bias plots in Figure 4.35 it can be seen that the scale:otolith, scale:vertebrae 
and otolith:vertebrae data lie around the line of equivalence. Regression analysis produced 
slopes of the regression lines of 0.93, 1.13 and 1.18 respectively (Table 4.6). The age bias plots 
for the remaining five bony structures all show that the alternative ageing structure 
underestimate the age by between 6 months and 2 years depending on the age of the fish 
and the structure used to determine age (Figure 4.35). For example, the interopercular bone 
tended to underestimate age by 6 months in younger abu mullet and by 1.5 years in older fish 
(Figure 4.35e) and the preopercular bone tended to underestimate age by 1 year in younger 
abu mullet and by 2 years in older fish (Figure 4.35f). For the pectoral arch bone, and the four 
different opercular bones, the slopes (b) of the regression lines relating age to scale age were 
all much lower than one and ranged between 0.81 for the opercular bone and 0.60 for the 
subopercular bone (Table 4.6).  
     The age estimations from each of the seven hard parts were compared with scale age using 
a paired t-test followed by a McNemar’s χ2 test of asymmetry. The results indicated that the 
otoliths and vertebrae produced similar age estimates to the scale and to each other (all p > 
0.05; Table 4.7) and the test of asymmetry indicated no overall bias in the age estimates (all 
p > 0.05; Table 4.7). However, the other 5 bony parts all produced age estimates that were 
significantly different from the scale age and the test of asymmetry indicated significant bias 
in the age estimates (all p < 0.001; Table 4.7). The results indicate that comparable age 
estimate were  obtained for Liza abu using the otoliths and the vertebrae but since there was 
less scatter in the age bias plot for the otolith, it is concluded that this is the best alternative 
structure to the scales to use for estimating age. In contrast, the pectoral arch bone and the 
four bones of the operculum result in significantly lower age estimates compared to the scale. 
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4.3.4  Comparison of the growth curves obtained using age estimates from the different 
hard parts 
In section 4.3.1, scales were used as the reference structure for ageing against which the ages 
obtained using the seven other bony structures were compared. In this section, the size at 
age growth curves obtained using the different hard parts to age the fish were compared for 
Chelon labrosus and Liza abu.   
Chelon labrosus 
The growth curves obtained using each hard part, compared to that obtained using the scale 
are presented in Figure 4.36. The scale-derived growth curve was used as the standard against 
which the other growth curves were compared. Figure 4.36 indicates that as a result of some 
hard parts under-ageing fish compared to the scales (see Figure 4.34), the growth curve plot 
is shifted to the left and this is particularly apparent for the preopecular and subopercular 
bone. Von Bertalanffy growth curves were fitted to the size at age data for each of the eight 
hard parts and the L∞ and k values for each of the bony structures was expressed relative to 
the value obtained using the scale age data where a value of 1.00 indicates that the same 
value is obtained using the alternative hard part to age. These results are summarised in Table 
4.8 which indicates that the vertebra provide the Von Bertalanffy growth curve which is most 
similar to the scale age-Total length growth curve with L∞ and k ratios of 0.99 and 1.06  
 
Table 4.8. L∞ and k value ratios comparing the Von Bertalanffy growth constants for growth curves 
fitted using scale age with those obtained using alternative bony structures for ageing (see Figure 4.36 
for the size at age data used in this analysis). Data are for Chelon labrosus from Northwest Wales (n = 
46).  
Ratio L∞ k 
Otolith/Scale 0.87 1.29 
Vertebra/Scale 0.99 1.06 
Pectoral arch/Scale 0.81 1.61 
Opercular/Scale 0.83 1.29 
Interopercular/Scale 0.88 1.51 
Preopercular//Scale 0.88 2.08 
Subopercular/Scale 0.69 2.20 
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Figure 4.36. Growth curves relating Total Length (mm) to estimated age of 47 Chelon labrosus from 
northwest Wales. Each panel plots the size at age obtained using scales against size at age for seven 
alternative bony structures: a) sagittal otolith, b) vertebra, c) pectoral arch bone, d) opercular bone, 
e) interopercular bone, f) preopercular bone, g) subopercular bone.  
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Figure 4.37. Age at length plots relating Total Length (mm) to estimated age of 23 Liza abu from 
Central Iraq. Each panel plots the size at age obtained using scales against size at age for seven 
alternative bony structures: a) sagittal otolith, b) vertebra, c) pectoral arch bone, d) opercular bone, 
e) interopercular bone, f) preopercular bone, g) subopercular bone.  The data were too few to plot 
Von Bertalanffy growth curves.
Chapter 4: Comparing the suitability of different calcified structures to age grey mullet 
 
292 
 
respectively when expressed as a ratio to those obtained using the scale. The sagittal otolith, 
which also provided similar ages to the scale resulted in a growth curve with L∞ and k ratios 
of 0.87 and 1.29 respectively.  
 
Liza abu 
The growth curves obtained using each hard part, compared to that obtained using the scale 
age estimates are presented in Figure 4.37. The scale-derived growth curve was used as the 
standard against which the other growth curves were compared. Figure 4.37 indicates that as 
a result of some hard parts under estimating the age fish compared to the scales (see Figure 
4.35), the growth curve plot is shifted to the left for all bones apart for the sagittal otolith and 
the vertebrae (Figure 4.37a-b) and this shift is particularly apparent for the pectoral arch 
bone, interopercular bone, preopecular and subopercular bone (Figure 4.37c-g). It was not 
possible to fit Von Bertalanffy growth curves to the size at age data for abu mullet due to the 
small sample size (n = 23).  
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4.4  Discussion 
In this chapter, the suitability of different calcified structures and preparation techniques, to 
age grey mullet were compared using Chelon labrosus and Liza abu as examples of fish with 
medium term or short-lived life spans respectively (see section 2.4.1 for comparisons of 
lifespans in grey mullets). Data were collected on the readability of seven hard parts following 
preparation using seven different techniques to identify which one was best and then the 
ages obtained using the best technique for each hard part were compared to those obtained 
using scales and the growth curves obtained examined. The results indicated that for both 
species, the preparation methods that produced the best readability in the calcified structures 
were to clean by scrubbing and drying followed by coating with cedarwood oil (technique 4), 
or burning in an oven prior to coating with cedarwood oil (technique 7).  
 
4.4.1 Readability of calcified structures in fish 
Readability of seven different calcified structures was assessed after preparation using seven 
different methods to determine which method provided the clearest banding patterns to be 
used to estimate age for each hard part. It has long been recognised that some structures, 
usually the scales or otoliths, usually appear easier to extract, prepare and ‘read’ compared 
to others and tend to be used as the hard part of choice in ageing studies of fish (FAO 1974; 
Maceina et al., 2007; King, 2009). It is possible that clearer banding patterns may be found on 
alternative structures such as spines, rays or skeletal bones, however, it is important to take 
into account the ease (in terms of time and cost) with which each hard part can be aged when 
determining the optimum ageing structure for each species (Ihde and Chittenden, 2002) and 
whether non-terminal sampling is preferred or required (e.g. Glass et al. 2011; Moorhouse et 
al., 2013, Reid, 2014). The use of additional ageing structures may also be of value in some 
long-lived species where identifying all the annual growth rings on scales can be difficult 
(Maceina et al., 2007) 
     Although some authors comment on the clarity of the banding patterns observed using 
different hard parts (e.g. Ihde and Chittenden, 2002; Bhat and Khan, 2014; Elzey et al., 2015), 
to my knowledge there have only been three studies that have attempted to formally describe 
and to quantify readability for statistical comparison between different calcified structures. 
In each of these studies, numerical scales of either 1 to 4 (Howland et al., 2004) or 1 to 5 
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(Jatmiko et al., 2013; van der Meulen et al., 2013) were used to describe readability between 
different structures. Table 4.9 presents the descriptors used in each of these studies. Two 
differences are apparent between the present study and the earlier studies summarised in 
Table 4.9. Firstly, earlier studies assigned a score of 1 as most readable whilst the present 
study assigned a score of 5 (Table 4.1). Secondly, the descriptors used by other authors and 
presented in Table 4.9 appear more subjective and open to reader interpretation whilst in the 
present study a more detailed description of the visibility and clarity of the banding patterns 
assigned to each readability score is provided (Table 4.1). In addition, example photographs 
showing the appearance of each readability score across a range of hard parts has been 
provided (Figures 4.9 to 4.14) as a visual guide to the scoring system. Only one other study, 
Jatmiko et al. (2013), has presented photographs showing different readabilities, however, in 
their study only one photograph per structure was reproduced showing the average 
readability score for that structure (their Figure 2) and the full range of readabilities (i.e. from 
1 to 5) was not presented. To my knowledge, this chapter provides the most detailed 
description of a readability scale for use in fish ageing studies.       
     In this chapter, for each calcified structure the readabilities obtained using the seven 
different preparation methods were compared statistically using ANOVA followed by post-
hoc comparisons to determine which technique provided the best readability for that 
structure. The results indicated that for each structure, techniques 4 and 7 (involving the use 
of cedarwood oil) provided the clearest banding patterns for ageing for each hard part with 
the best readabilities obtained using the vertebrae and the sagittal otolith (Table 4.2). The 
same analytical approach (i.e. ANOVA followed by post-hoc comparisons) was also adopted 
by Jatmiko et al. (2013) to compare the readabilities of whole and sectioned otoliths, 
vertebrae and scales in redfin perch, Perca fluviatilis, reporting that sectioned otoliths gave 
the best readability, then vertebrae with whole otoliths and scales having similar poor 
readability. Howland et al. (2004) compared readabilities for otoliths, pectoral fin rays and 
scales in inconnu, Stenodus leucichthys, by pairwise comparisons using a two-tailed t-test with 
Bonferroni adjustment and reported that fin rays and otoliths gave similar significantly higher 
readabilities compared to scales.  Finally, although van der Meulen et al. (2013) assessed 
readability of otoliths, dorsal spines and scales from long-finned gurnard 
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Table 4.9. A summary of the numerical scales used in published studies to determine the readability of various fish hard parts for ageing 
purposes.  
 
 Hard parts 
examined 
1 2 3 4 5 
Howland et 
al. (2004) 
Otoliths, 
Fin rays, 
Scales, 
Very good 
readability: total 
confidence in age 
estimate 
Good readability: 
high confidence in age 
estimate 
Poor readability: 
age estimate may be 
off by 1-2 years 
Unreadable: 
no age estimate can 
be made. 
- 
Jatmiko et 
al. (2013) 
Whole or 
Sectioned 
otoliths, 
Vertebrae, 
Scales 
Sample has excellent 
readability, 
increments 
exceptionally clear 
Sample is unambiguous 
but not as clear as 1 
Sample may be 
subject to two 
interpretations 
Sample is subject to 
multiple 
interpretations 
Sample is 
unreadable 
Van der 
Meulen et 
al. (2013) 
Otoliths, 
Dorsal spines, 
Scales 
Unambiguous: 
excellent ring clarity 
Unambiguous: 
minor faults in ring 
clarity 
Ambiguous, 
counts may vary by 
±1 
Ambiguous, 
counts may vary by 
greater than ±1 
 
Unreadable 
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Lepidotrigla argus using the scale presented in Table 4.9 as part of the ageing process, no 
readability scores are presented in the paper and the only comment made was that the 
readability of the scales was ‘poor’.      
     In fish ageing studies, the hard parts  first are cleaned, e.g. in water (Faust et al., 2013; 
Khan et al., 2013; Elzey et al., 2015), bleach (Panfili, 2002), NaOH or KOH (Maraldo and 
MacCrimmon, 1979; Khan and Khan, 2009) or sodium peroxide (Abbas, 2001; Kraljević et al., 
2011) and then prepared for ageing, A range of preparation techniques are available for use 
and the exact method adopted will be dependent on (1) the hard part being used for ageing, 
(2) the study species itself, as factors such as growth rate, longevity and the appearance and 
structure of the hard part will affect the ring formation and readability of the ageing structure 
and (3) the constraints of time, money and facilities available for the ageing research. For 
some calcified structures, it is possible to age using binocular microscopy following a 
minimum of preparation, e.g. vertebrae (e.g. Maraldo and MacCrimmon, 1979; Goҫer and 
Ekingen, 2005; Elzey et al., 2015), pectoral arch bone (e.g. Faust et al., 2013; Bhat and Khan, 
2014; Oele et al., 2015), opercular bones (e.g. Blake and Blake, 1978; Khan et al., 2013; Elzey 
et al., 2015) and otoliths which are thin, e.g. the saggital otoliths from flatfish (e.g. Basimi and 
Grove 1985; Sipe and Chittenden, 2001), gurnards (e.g. Marriott et al., 2010; van der Meulen 
et al., 2013) and grey mullets (e.g. Ibañez-Aguirre et al., 1998; Goҫer and Ekingen, 2005; Doğu 
et al., 2013). These structures can be viewed using transmitted or reflected light either 
directly, or immersed in a liquid observation medium (e.g. water, oil, xylol or histoclear) 
(McCurdy et al., 2002). In addition, calcified structures can be coated with oil, e.g. clove oil, 
cedarwood oil or immersion oil, to reduce the reflected glare from the observed surface when 
viewed directly (McCurdy et al., 2002). Scales do not normally need to be specially prepared 
and can be observed unmounted under a low-power binocular microscope either dry or after 
immersion in water to rehydrate, or can be mounted between two glass slides prior to reading 
(McCurdy et al., 2002). However, not all scales are suitable for ageing as in some species they 
are too small and the circle banding patterns making it difficult to identify any annular rings, 
or false annuli can be formed following significant biological events (e.g. spawning, migration 
between freshwater and saltwater) or stressors (Meunier and Panfili, 2002) and in some long-
lived species they can be difficult to interpret and to identify all the annual growth bands 
(Maceina et al., 2007). In order to improve clarity of the annular rings, calcified structures may 
be embedded in high transparency polyester resin and sectioned to produce thin sections 
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which can be mounted on slides for viewing (McCurdy et al., 2002). This approach is 
commonly used when ageing sagittal otoliths that are very opaque or too thick for all the 
annual increments to be observed on the surface, for example in gadids (e.g. Hattori et al., 
1992; Easey and Millner 2008; Ross and Hussy, 2013) and sparids (e.g. Mann-Long and Buxton, 
1996; James et al., 2003; Al-Mamry et al., 2009). Other approaches that are used to improve 
growth ring clarity in calcified structures include heating and burning (Christensen, 1964) and 
staining (Ganter and Jolles, 1969; Bouain and Siau, 1988; Richter and McDermott, 1990). 
    In this chapter, a range of established techniques were used to prepare hard parts for 
ageing analysis (see section 4.2.3) ranging from simple cleaning (scrubbed and dried: 
Technique 1), cleaning using chemicals (bleach or NaOH; Techniques 2 and 3) to embedding 
and sectioning (Techniques 5 and 6). In addition, simple cleaning was followed by coating with 
cedarwood oil (Technique 4) or cleaned, burnt and then coated with cedarwood oil (Technique 
7). The majority of ageing studies on grey mullet have used scales or whole otoliths cleaned 
in water followed by viewing using transmitted or reflected light, either directly or immersed 
in a liquid observation medium to age under binocular microscopy (e.g. Katselis et al., 1992; 
Ibáñez-Aguirre et al., 1999; Doğu, et al., 2013; this thesis). In addition, Kennedy and 
Fitzmaurice (1969) burnt whole otoliths of thick-lip mullet to enhance the annular bands prior 
to viewing using light microscopy. In two studies by Hsu and co-workers, otoliths from 
flathead grey mullet, Mugil cephalus were embedded in resin and sectioned prior to ageing 
(Hsu and Tzeng, 2009; Hsu et al., 2009). However, no papers appear to have subsequently 
commented on the readability/clarity of the scales or otoliths during the ageing process in 
mullet and the data in this chapter provide the first data on the readability of scales and 
various calcified structures in grey mullets.  
     In this chapter, simple cleaning/drying (technique 1) of scales and otolith provided 
readabilities of 5 and 3.2 respectively for thick-lip mullet (Table 4.2) and 4 and 3.3 respectively 
for abu mullet (Table 4.3). In contrast, embedding/sectioning (technique 5) of otoliths 
provided readabilities of 3.2 and 1.3 respectively for thick-lip mullet (Table 4.2) and abu mullet 
(Table 4.3). Techniques 4 and 7, involving simple preparation followed by coating with 
cedarwood oil (technique 4), or burning prior to coating (technique 7), gave the best 
readabilities for ageing in this chapter for all calcified structures examined in abu mullet and 
thick-lip mullet (Tables 4.2 and 4.3) and produced readabilities of 4.2 and 4.3 in the otoliths 
of Chelon labrosus and 5.0 in the otoliths of Liza abu for techniques 4 and 7 respectively. Note 
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that for both species, sagittal otoliths and vertebrae prepared using techniques 4 and 7 
reported the highest readability scores. In conclusion, for grey mullet species, vertebrae, 
otoliths and scales can all be used to successfully age individuals without any detailed 
preparation beyond cleaning and coating with cedarwood oil.  
 
4.4.2   Annual ring formation in fish hard parts 
Age data are used in a variety of ways in the study of fish population biology, e.g. in describing 
population structure, lifespan and to calculate parameters such as growth rate and mortality 
rate (King, 2009; Campana, 2001). A number of calcified structures are known to produce 
periodic growth increments useful for age determination in fish. Scales, fin rays, spines and 
various bones such as the vertebrae, pectoral arch bone (cleithra) and the bones of the 
opercula have all been used to determine annual age, although it is the otolith which has been 
used most often applied over the broadest age range in many species (Campana, 2001). For 
any calcified structure to be used in ageing, it is important that the periodicity of ring 
formation is validated, however, in many studies of temperate water species it is assumed to 
be annual as a result of seasonal differences in temperature and food supply with no 
validation conducted.  
     There are several ways in which age validation can be conducted which are reviewed in 
Campana (2001), but the most commonly used method in fish biology is Marginal Increment 
Analysis (MIA) (Campana, 2001). MIA assumes that if growth increments are formed on an 
annual cycle then the average state of completion of the outermost increment should display 
an annual sinusoidal cycle when plotted against time of year for samples collected over a 12 
month period (Campana, 2001). This has been shown for otoliths in many fish species (e.g. 
Hyndes et al., 1992; Fowler & Short, 1998; Al-Mamry et al., 2009; Smith, 2014). Amongst 
Mugilidae species, annular ring formation has been shown for otoliths in flathead grey mullet 
Mugil cephalus (Hsu and Tzeng, 1989; Smith and Deguera, 2003; McDonough et al., 2005), 
white mullet, Mugil curema (Santana et al., 2009), and leaping mullet, Liza saliens (Katselis et 
al., 2002) and in scales for flathead grey mullet (Hsu and Tzeng, 1989) and white mullet 
(Espino-Barr et al., 2005). In this chapter, MIA shows annular periodicity in ring formation in 
the otolith and scales of abu mullet Liza abu and thick-lip mullet Chelon labrosus (Figure 4.32).   
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4.4.3   Which calcified structures have been used to age bony fishes?  
As stated in Section 4.4.2, a number of calcified structures have been used to age fish: otoliths, 
scales, vertebrae, fin rays, spines, pectoral arch bone (cleithra) and the opercular bone. The 
potential of alternative ageing structures to scales and otoliths has been examined in a range 
of bony fish species, including chondrostean (sturgeon), holostean (Gar) and teleost fishes 
(see section 4.1.2). A detailed online search, introduced in Section 4.1.2, resulted in the 
collation of 94 published (63 species, 1969-2017) on the use of calcified ageing structures in 
bony fish (date of retrieval 8th May 2017) showed that the number of studies on this topic has 
increased in the last 50 years with 31 studies (33% of the studies retrieved) published since 
2010 (Figure 4.3a). Most studies (ca. 80%) have included either otoliths or scales although 
Figure 4.3.b shows that ca. 20% of studies have involved vertebrae, opercular bones, fin rays 
or spines in their comparison of calcified structures to determine the most suitable for ageing. 
This meta-analysis concurs with a review by Maceina et al. (2007) who examined the relative 
importance of different hard parts in ageing the major freshwater fish groups (esocids, 
percids, centrarchids, salmonids, moronids and catfishes) in the US and Canada. This review 
showed that otoliths and scales were the most commonly used ageing structures in each taxa 
with the exception of the pectoral arch bone in esocids (pikes) and spines in catfish, which 
were used more commonly to age fish in these fish groups.  
     In most ageing studies where the suitability of ageing structures are compared, the 
majority of studies have compared two or three ageing structures, although as many as six 
ageing structures have been compared (Figure 4.37). As Figure 4.37 shows, most studies have 
compared either 2 (44/94; 47%) or 3 (27/94; 29%) structures with a smaller percentage 
looking at 4 (13/94; 14%) or 5 (9/94; 10%) and only one study looking at 6 (Baker and 
Timmons, 1991). In this chapter, eight ageing structures were compared (scales, otoliths, 
vertebrae, pectoral arch bone and the 4 opercular bones; opercular, pre-opercular, sub-
opercular and inter-opecular) providing the largest cross-structure comparison to date.        
     In studies where two hard parts have been compared, 75% (33/44) are scale vs otolith 
comparisons with the remaining studies comparing either the scal;e or otolioth against the 
pectoral arch bone (2 studies), fin rays (5 studies), spines (2 studies) or the opercular bone (2 
studies) including Hickling (1970) who used scales opercular bone to age thick-lip grey mullet 
but did not directly comparing ages obtained using the two hard parts. In studies where three 
hard parts have been compared, most (21/27; 78%) have compared scales and otoliths with 
Chapter 4: Comparing the suitability of different calcified structures to age grey mullet 
 
300 
 
one other structure [fin rays (n = 8), spines (n = 6), vertebrae (n = 4) or opercular bone (n = 
3)].  
 
 
Figure 4.37. The number of calcified structures compared to determine the most suitable for 
ageing purposes in 63 species of teleost fish. Data are presented as the number of studies and 
as a percentage of the total number of studies (n = 94) [Date of retrieval, 8th May 2017]. 
 
Fewer studies have compared the suitability of four or five hard parts to age fishes; 13 and 9 
studies respectively. Where four hard parts have been compared, studies have usually 
compared scales and otoliths with either the vertebra and opercular bone (4 studies) or with 
fin rays and spines (4 studies). Where five hard parts have been compared, most studies have 
looked at scales/otoliths/vertebrae/opercular bone plus either the fin rays or spines (5 
studies) or pectoral arch bone (2 studies). Baker and Timmons (1991) is the only study to have 
looked at 6 ageing structures (scalers, otolith, vertebrae, pectoral arch bone, opercular bone 
and sub-opercular bone): this is the only other study to examine the suitability of one of the 
other 3 bones in the operculum, the sub-opercular. 
     In this chapter, the vertebra, pectoral arch bone (cleithra) and the four bones comprising 
the operculum (opercular, inter-opercular, sub-opercular and pre-opercular) were examined 
to determine their suitability to age grey mullet species. Vertebrae have been used as an 
alternative ageing structure in 22% (21/94) of the studies reviewed (Fig 4.3b) including thin-
lip grey mullet Liza ramada (Goҫer and Ekingen, 2005), shad (Elzey et al., 2015), perch 
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(Jatmiko et al., 2013), charr (Sharp and Bernard, 1988; Baker and Timmons, 1991), catfish 
(Khan and Khan, 2009; Khan et al., 2011; Khan et al., 2013), Indian major carps (Khan and 
Khan, 2009; Khan et al., 2015b) and marine scombrids (swordfish, Esteves et al., 1995; 
southern bluefin tuna, Gunn et al., 2008). The results of this chapter show that the vertebrae 
provide very clear growth rings with a high readability (Tables 4.2 and 4.3; Figures 4.17 and 
4.25) and produce the same age estimates as those obtained using scales in abu mullet and 
thick-lip mullet when cleaned and coated in cedarwood oil (techniques 4 and 7).   
     The pectoral arch bone (cleithra) has principally been used as an alternative ageing 
structure in slow growing cold water freshwater fishes (9/94 studies) such as northern pike 
Esox lucius (Faust et al., 2013; Oele et al., 2015) and charr (Sharp and Bernard, 1988; Baker 
and Timmons, 1991) as they are thought to more accurately record age information in long-
lived species. In this chapter, its suitability as an ageing structure in in grey mullet with short- 
(abu mullet) and medium-term (thick-lip grey mullet) life spans was examined. The results 
indicated that good readability (ca. 4; Tables 4.2 and 4.3; Figures 4.18 and 4.26) when 
prepared using technique 4 (scrub-dry-cedarwood oil), however, not all growth bands visible 
on the scales were observed on the bone and age was significantly under-estimated (Table 
4.5 and 4.7). Therefore, the pectoral arch bone does not appear to be a suitable ageing 
structure to age grey mullets when prepared using the seven techniques used in this chapter.   
     In this chapter, all four bones of the operculum (opercular, inter-opercular, sub-opercular 
and pre-opercular) were examined to determine their suitability as ageing structures in abu 
mullet (short life span) and thick-lip grey mullet (medium–term life span). The opercular bone 
has been used as an alternative ageing structure for a range of fish species including black 
basses (Micropterus spp.;Sotola et al., 2014), charr (Sharp and Bernard, 1988; Baker and 
Timmons, 1991), bluefish (Sipe and Chittenden, 2002) and flatfish (Sipe and Chittenden, 
2001), but has been used principally in catastomid suckers (Quist et al., 2007; Reid, 2014), 
catfishes (Khan and Khan, 2009; Khan et al., 2013; Khan et al., 2015b) and cyprinid fishes 
(Blake and Blake, 1978; Quist et al., 2007; Khan and Khan, 2009; Bhat and Khan, 2015; Khan 
et al., 2015b). Two studies on grey mullet, Chelon labrosus (Hickling, 1970) and Liza ramada 
(Goҫer and Ekingen, 2005) have investigated to use of the opecular bone as an alternative 
ageing structure. All studies using bones from the operculum for ageing have used the 
opercular bone except Baker and Timmons (1991) who used the operculum and the pre-
operculum. The results of this chapter indicate that all four bones of the operculum are not 
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suitable as ageing structures in grey mullet using the seven preparation techniques used in 
this study. For both species, the opercular bone provided the best readability of the four 
bones making up the operculum (Tables 4.2 and 4.3; Figures 4.19-4.22 and 4.27-4.30) but age 
was significantly under-estimated using all the opercular bones (Table 4.5 and 4.7). 
     Although not examined in this thesis, the spines and rays in the fins have been used as 
ageing structures in fish ageing studies. Spines in the pectoral, dorsal or anal fins have been 
investigated as an alternative ageing structure in a range of teleost fish groups [22% (21/94) 
of the studies] but principally the freshwater black basses of the genus Micropterus (Maraldo 
and MacCrimmon, 1979; Morehouse et al., 2013; Sotola et al., 2014), catfishes (Buckmeier et 
al., 2002; Khan et al., 2011; Khan et al., 2013) and walleye, Stizostedion vitreum (Kocovsky and 
Carline 2000; Isermann et al 2003). Fin rays have often been used as an alternative to scales 
to age endangered species such as sturgeon (Jackson et al., 2007), gar (Glass et al., 2011), 
burbot (Klein et al., 2014) and moxostomid redhorses (Reid, 2014) where non-terminal 
sampling is an important requirement. 
 
4.4.4    Comparing the ages obtained using different hard parts in fish 
As summarised in section 4.4.3, the meta-analysis conducted on 94 studies of 63 species of 
fish involved comparing between 2 and 6 hard structures to determine which one (s) were 
the most suitable or ageing purposes (Figure 4.38) summarises which hard part(s) were most 
suitable, i.e. the best or equal best structure for ageing). In most studies, authors concluded 
that the otolith was the most suitable for ageing purposes followed by scales, with the 
opercular bone or fin rays the most suitable in a smaller number/percentage of studies (Figure 
4.38). For these latter two structures there did not appear to be any pattern for which 
group(s) of fishes the opercular bone or fin ray were the most suitable for ageing beyond the 
fact that most of them were temperate freshwater species [e.g. catastomid suckers or 
salmoniformes (whitefish, trout or charr)]. Vertebrae were the most suitable in 4 studies with 
fin spines and the pectoral arch bone the most suitable in 2 studies each (Figure 4.38). In the 
present study, the results indicated that scales, otolith or vertebrae were the best hard parts 
to use for ageing abu mullet and thick-lip grey mullet. 
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Figure 4.38. A summary of which hard part was the most suitable for ageing in a meta-analysis 
of ageing studies of fish where the suitability of between 2 and 6 structures were compared. 
Data are presented showing the number and percentage of studies in which each hard part 
structure was determined to be the most suitable (i.e. best or equal best combined) for ageing 
purposes (a) and  showing separately (b) the number of studies and (c) the percentage of 
studies where each hard part was determined to be the best (open bars) or equal best (black 
bars) for ageing purposes. [63 species; 94 studies; Date of data retrieval, 8th May 2017].  
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There are only two other studies which have not used scales and or otoliths for ageing 
purposes; Hickling (1970) who aged thick-lip grey mullet, Chelon labrosus using scales and 
opercular bones and Goҫer and Ekingen (2005) who aged thin-lip grey mullet, Liza ramada 
using scales, otoliths, opercular bones, vertebrae and dorsal fin rays. Goҫer and Ekingen 
(2005) reported that, based on their results, sectioned dorsal fin rays, which were not 
investigated in this chapter, were the best bony structure for the age determination of L. 
ramada. However, Goҫer and Ekingen (2005) then reported that the other 4 ageing structures 
ranked in the following order, scales > vertebrae > otoliths > opercular bones, which is a 
similar result as found in this chapter where scales, otoliths and vertebrae were found to be 
superior to the opercular bones for ageing. However, it should be pointed out that Goҫer and 
Ekingen (2005) viewed the vertebrae immersed in xylol and did not use cedarwood oil.  
     It has been recognised (Campana et al., 1995; Campana, 2001) that the process of 
estimating fish age incorporates two major sources of error. Firstly, a ‘process error’ 
associated with the structure being examined since not all bony structures in fish form a 
complete growth sequence throughout the lifetime of the animal, nor do all axes within a 
given structure show a complete growth record (Beamish, 1979; Campana, 2001) and this 
type of error is usually biased towards under- or over-ageing. Secondly, it has been long 
recognised that there is an element of subjectivity in ageing fish will also produce a 
’subjectivity error’ in age estimations (Campana et al., 1995; Campana, 2001). Campana et al. 
(1995) suggested a number of ways in which the accuracy of ageing, either between two 
readers or two structures can be assessed which were adopted in this chapter: comparison of 
the ages obtained using paired t-test (or Wilcoxon matched-pairs rank test); age bias plots; 
and linear regression to compare the slope of the age bias plots to the line of equivalence 
with a slope of 1 and an intercept of 0. In addition, McNemar’s χ2 test of symmetry was used 
to determine whether there is significant bias towards underestimation or overestimation of 
age using any of the seven calcified structures compared to scale age (Hoenig et al., 1995).  
     Age bias plots have been used in many studies to examine differences in ageing between 
readers and between structures. Given the subjectivity in ageing fishes between readers and 
laboratories (Campana et al., 1995; Campana, 2001), many studies have compared precision 
and bias in ageing between readers (usually between 2 or 3 readers) and age-bias plots 
provide an excellent visual representation of any ageing bias that may be present (e.g. 
Buckmeier et al., 2002; vandergoot et al., 2008; Faust et al., 2013; Oele et al., 2015). For 
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commercially important species, it is not uncommon for Regional Fisheries Bodies to organise 
workshops to provide training and promote consistency in ageing between laboratories: e.g. 
angler fish (Duarte et al., 2005), sardines (Soares et al., 2007), plaice (ICES, 2010), Atlantic cod 
(Mahé et al., 2012) and whiting (ICES, 2017). In addition, in studies comparing the suitability 
of alternative ageing structures, age-bias plots provide an excellent visual representation of 
any ageing bias that may be present (e.g. Kocovsky and Craline, 2000; Howland et al., 2004; 
Zymonas and McMahon, 2009; Morehouse et al., 2013; Elzey et al. 2015). In this chapter, age-
bias plots have clearly shown differences in ageing thick-lip mullet (Figure 4.34) and abu 
mullet (Figure 4.35) using different hard parts, in particular age underestimation using the 
opecular bones in both species, and also the pectoral arch bone in abu mullet. Further 
statistical analysis using paired t-tests and a chi squared test of asymmetry has shown the 
similarity in ages obtained in both species when aged using the scales, otoliths or vertebrae 
and the significant underestimation of age using the pectoral arch bone and the opecular 
bones (Tables 4.4-4.7). The results presented in this chapter are the first time that such a 
detailed analytical study has been conducted on the validity of using a range of hard parts to 
age grey mullet.      
 
4.4.5   Summary 
In this chapter, different calcified structures (otoliths, vertebrae, pectoral arch bone and 4 
opercular bones) and established preparation techniques, were used to age thick-lip grey 
mullet and abu mullet. The results indicate that, for both species, the best readabilities in all 
hard parts were obtained by cleaning/scrubbing/ followed by coating with cedarwood oil, or 
burning in an oven prior to coating with cedarwood oil. However, statistical analyses indicated 
similarity in ages obtained in both species when aged using the scales, otoliths or vertebrae 
and significant underestimation of age using the pectoral arch bone and the opercular bones. 
In conclusion, for grey mullet species, vertebrae, otoliths and scales can all be used to 
successfully age individuals without any detailed preparation beyond cleaning and coating 
with cedarwood oil. 
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5.1. Introduction  
Fish belonging to the Family Mugilidae, commonly known as grey mullet, are important in 
coastal water habitats because of their unique role within the fish community as detritivore 
feeders feeding on resources usually not eaten by any competing fish groups. In addition, in 
many regions of the world, grey mullet are exploited and are important for artisanal 
subsistence fisheries and extensive aquaculture in many developing nations. Therefore, it is 
important to study their population biology and ecology (e.g. growth, reproduction and 
feeding). This thesis has contributed towards our understanding of the biology of the 
Mugilidae by studying the population biology of two grey mullet species: the sub-tropical abu 
mullet, Liza abu (Chapter 2) and the temperate water thick-lip grey mullet, Chelon labrosus 
(Chapter 3). In addition, annual ring deposition in the scales and otoliths was validated for 
these two species and age estimations using different calcified structures were compared 
with the scales and the otoliths to determine their suitability as alternative ageing structures 
in these 2 mullet (Chapter 4). In this Chapter, the population biology results presented in 
Chapters 2 and 3 for Liza abu and Chelon labrosus will be discussed in relation to other grey 
mullet species and then more widely in relation to teleost fishes. The ageing structure results 
in Chapter 4 were discussed in detail in relation to the wider published literature in section 
4.4 of Chapter 4 and will not be discussed in this chapter.  
 
5.2    Comparing growth performance of Liza abu and Chelon labrosus with  
          grey mullet and other teleost fish species. 
In this thesis, the growth performance, in terms of length-weight relationships and von 
Bertalanffy growth curves of Liza abu and Chelon labrosus were studied. As indicated in 
Chapters 1-3, these population studies represent the most recent work for either species: for 
Liza abu it is the first detailed study of population biology for the species in central Iraq for 20 
years (since Al-Asadiy et al., 2000: based on data collected in 1995-1996) and for Chelon 
labrosus it is the first study of the species in the UK since Hickling (1970) an only the second 
study for this species in the UK.  
     Understanding the patterns of growth is important in the study of fish biology as the 
process of growth is central to the lifecycle and biology of any fish species. Growth enables 
fish to (1) pass through the different ontogenetic stages from larvae to adult, (2) avoid 
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predation by improved locomotory ability and obtain a size-refuge from predation by certain 
predators and (3) to attain a size threshold which enables the individual to mature and to 
contribute to the breeding population for the species. Patterns of growth can be analysed 
between populations of a species and between species in two ways: (1) by examing the slopes 
of the length-weight relationship and (2) by comparing growth curves and the phi prime 
growth performance index (Φ’, Pauly and Munro, 1984) calculated from the von Bertalanffy 
growth curve constants (L∞ and K). Here, the patterns of growth for abu mullet and thick-lip 
mullet, are compared with other grey mullet species and more generally with other teleost 
fish species. For the first comparison, the data produced in this thesis wlll be compared with 
the summary data collated from Fishbase (Froese and Pauly, 2017) plus additional data 
sourced from Ibañez (2016) [who derived data from Fishbase, Quignard and Farrugio (1981) 
plus additional primary literature summarised in her review]. The summary growth 
performance and trophic level data are presented in Table 5.1. For the second comparison, 
the growth performance data for other teleost species has been collated from Fishbase 
(Froese and Pauly, 2017). Given the volume of research conducted on growth in teleost fishes, 
the potential database for comparison was enormous so it was decided to focus on 
commercially important fish species with a similar fusiform body shape covering a range of 
body sizes and trophic levels and includes milkfish, Chanos chanos, as it has a similar trophic 
level to grey mullet as a detritivore, plus engraulid, clupeid, gadid and scombrid species (see 
Table 5.2). 
     The slope of the length/weight relationship (i.e. the b-value) has been referred to as the 
‘condition index’ (Safran, 1992; Ibáñez, 2016) and it is equal to 3 when growth is isometric 
and can be < 3 or > 3 when growth is negatively or positively isometric respectively (King, 
2009). Isometric growth is where length and weight increase in the same proportion but a b-
value of less than 3 indicates that the fish sample/species consists of ‘slim’ individuals where 
length increases more than weight whereas a b-value of greater than 3 indicates a fish 
sample/species comprising of more ‘robust’ individuals. Used as a condition index, the b-value 
provides information on the general shape of the population or species under study, where 
‘b < 3 indicates a decrease in condition or elongation in form with an increase in length, and 
b > 3 indicates an increase in condition or increase in height or width with an increase in 
length, and the larger the distance form 3, the larger the change in condition or form’ (Ibáñez, 
2016).  
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     Condition indices for abu mullet (central Iraq) and thick-lip mullet (northwest Wales) in this 
thesis were recorded as 2.35 and 3.32 respectively, which compare with average literature 
values of 2.86 for Liza abu and 3.09 for Chelon labrosus (Table 5.1). The average condition 
indices for mugilid species, derived from Fishbase, are presented in Table 5.1 and range from 
2.25 (Mugil hospes) to 3.12 (Ellochelon vaigiensis). Table 5.1 indicates that for most grey 
mullet species, the b-value is slightly less than 3 with a species average of 2.91 ± 0.19. Figure 
5.1 reproduces the condition index frequency distribution plots produced by Ibáñez (2016) 
which are based on population-level results, i.e. showing data for each published study, rather 
than species averages (as presented in Table 5.1). The condition index frequency distribution 
is presented for all studies on mugilid species combined (n = 335; Figure 5.1A) and for the 
most frequently studied species (Figure 5.1B). In addition, data for Liza abu has been added 
to the figure produced by Ibáñez (2016) based on the data presented in Table 2.33. Figure 
5.1A indicates that the condition index data are normally distributed with an average of 2.95 
± 0.25. For the six species presented in Figure 5.1B, most species have average b-values of ca. 
2.8-2.9.  
     These results indicate that grey mullets have a pattern of growth that is slightly less than 
isometric producing fish that are slightly slimmer for their length, compared to the standard 
fusiform body shape of teleost fish. However, the central Iraq populations of Liza abu studied 
in this thesis could be defined as generally being in poorer condition compared to other 
populations of the species and compared to other grey mullet species in general. In contrast, 
thick-lip mullet from northwest Wales could be defined as being in good condition, both for 
the species and compared to other grey mullet species in general. Table 5.2 summarises 
growth performance data for a range of commercially important teleost species with an 
average condition index of 3.05 ± 0.15. In addition, Froese (2006) calculated a median 
condition index of 3.03 for teleost fish in general based on a meta-analysis of 3929 studies of 
1773 species. Figure 5.1 indicates considerable variation in condition index, both between 
species and between populations of the same species and this has been attributed to 
differences in environmental conditions and state of nutrition that may vary between 
locations exerting a selective pressure on local populations (Patimar, 2008) as well as being 
influenced by species, sex, sample size, size range of animals sampled (especially if based on 
commercial sampling where smaller individuals may not be represented), and the months in 
which the samples were collected (Ibáñez, 2016). 
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Table 5.1. A summary of growth performance data for grey mullet species. For each species, 
data are presented for lifespan (Maximum age recorded, years), maximum size (L∞, cm; Total 
Length), growth performance index [Φ’ = 2.Log10L∞+ Log10K; Pauly and Munro (1984)] and the 
b-value from the Length/Weight relationship, together with the estimated trophic level 
(based on diet studies; Froese and Pauly, 2017). Data for b, Φ’, L∞, and age sourced from 
Fishbase (Fb; Froese and Pauly, 2017) except: 1Fb and Chapter 3; 2chapter 2; 3Fb and Almeida 
et al. (1995); 4Fb, Cardona (1999), Katselis et al. (2002) and Balik et al., 2011; 5Fb, Ibanez-
Aguirre & Gallerdo-Cabello (1996) and Santana et al. (2009); 6FB and Garbin et al., (2014). The 
horizontal dashed line indicates no available data on Fishbase. 
Species b Φ’ 
L∞ 
 (cm) 
Max. 
Age (y) 
Trophic 
Level 
Aldrichetta forsteri   yellow-eye mullet - 2.36 40 7 2.5 
Chelon labrosus    thick-lip grey mullet1 3.09  2.80 57 23 2.7 
Chelon macrolepis   large-scale mullet 2.77 2.71 72 - 2.6 
Chelon parsia   goldspot mullet 2.88 2.52 31 - 2.0 
Chelon planiceps   tade grey mullet - 2.80 52 - 2.0 
Chelon subviridis   greenback mullet 2.89 2.82 47 - 2.7 
Ellochelon vaigiensis   Squaretail mullet 3.12 3.04 59 - 2.2 
Liza abu   mullet2 2.86 2.27 24 6 2.7 
Liza argentea   flat-tail mullet - 2.55 28 - 2.9 
Liza aurata   golden grey mullet3 3.09 2.69 53 14 2.8 
Liza carinata   keeled mullet 3.09 1.82 24 4 2.7 
Liza grandisquamis    largescaled mullet 2.87 2.75 55 - 2.0 
Liza haematocheila   so-iuy mullet 3.06  3.09  83 - 2.5  
Liza klunzingeri   Klunzinger’s mullet - 2.42 23 - 2.6 
Liza ramada   thin-lip grey mullet 2.95 2.74  44 13 2.3 
Liza saliens   leaping mullet4 2.85 2.54 35 6 2.9 
Moolgarda cunnensis   longarm mullet 2.91 2.44 26 - 2.4 
Moolgarda sehali    bluespot mullet 2.90 2.97  57 - 2.3 
Mugil cephalus   flathead grey mullet 2.95 3.00 62 58 2.5 
Mugil curema   white mullet5 2.90 2.76 44 30 2.0 
Mugil hospes    hospe mullet 2.25 2.59  37 - 2.0 
Mugil incilis   parassi mullet 2.88 2.27 43 - 2.0  
Mugil liza    lebranche mullet6 3.03 2.98 76 11 2.0 
Mugil trichodon 2.85 2.04  29 - 2.0 
Oedalechilus labeo   boxlip mullet 2.98 2.09  40 10 2.4  
Valamugil buchanani   bluetail mullet 3.03 2.74 59 - 2.2 
Agonostomus - 3 species, no data  Myxus - 2 species, no data 
Cestraeus - 3 species, no data    Neomyxus leuciscus - no data 
Chaenomugil proboscideus - no data   Oedalechilus - 1 species, no data 
Chelon - 2 species, no data    Paramugil - 2 species, no data 
Crenimugil - 2 species, no data   Rhinomugil - 2 species, no data 
Jotorus pichardi - no data    Sicamugil - 2 species, no data 
Liza - 9 species, no data    Trachystoma petardi - no data 
Moolgarda -3 species, no data    Valamugil - 3 species, no data 
Mugil - 11 species, no data    Xenomugil thoburni - no data 
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Table 5.2. A summary of growth performance data for various teleost fish species selected to 
cover a range of body sizes of commercially important finfish species with fusiform body 
shapes. For each species, data are presented for lifespan (Maximum age recorded, years), 
maximum size (L∞, cm; Total Length), growth performance index [Φ’ = 2.Log10L∞+ Log10K; Pauly 
and Munro (1984)] and the b-value from the Length/Weight relationship, together with the 
estimated trophic level (based on diet studies; Froese and Pauly, 2017). Fisheries landings 
(tonnes) and ranking in the species landing list are also presented (Source: FAO 2017, FIGIS 
database; aproduction data for milkfish are based on fisheries plus aquaculture production. 
Biological data are sourced from Fishbase (Fb; Froese and Pauly (2017) except: 1Fb and 
Bagarinao (1991); 2Fb and Zhu et al. (2011)  
 
Species 
Landings (t) 
Rank b 
L∞ 
(cm) 
Φ’ 
Max.  
Age (y) 
Trophic 
Level 
Japanese anchovy 
Engraulis japonicus 
1,396,312 
8 
3.20 18 2.52 4 3.1 
Anchoveta 
Engraulis ringens 
3,140,029 
2 
3.02 20 2.57  3 2.9 
European pilchard 
Sardina pilchardus 
1,207,764 
12 
3.13 20 2.99  15 3.1 
Atlantic herring 
Clupea harengus 
1,631,181 
5 
3.07  31 2.48 25 3.4 
Chub mackerel 
Scomber japonicus 
1,829,833 
4 
3.24 42 2.69 18 3.4 
Milkfish 
Chanos chanos1 
1,039,183a 
- 
2.92 43 3.30 15 2.4 
Walleye pollock 
Gadus chalcogrammus 
3,124,422 
1 
2.83 67 3.00 28 3.6 
Skipjack tuna 
Katsuwonus pelamis 
3,058,608 
3 
3.27 87 3.58  12 4.4 
Atlantic cod 
Gadus morhua 
1,373,460 
9 
3.07 114 3.30 25 4.1 
Yellowfin tuna 
Thunnus albacares2 
1,466,606 
6 
2.93 182 4.12 9 4.4 
Bluefin tuna 
Thunnus thynnus 
14,686 
- 
2.92 347.9 4.04 32 4.5 
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Figure 5.1. b-value (’condition index’) frequency distributions for (A) the Mugilidae family 
and (B) for selected mullet species. Figure is reproduced from Ibáñez (2016) with additional 
data for abu mullet Liza abu (Table 2.33).  
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Table 5.1 presents the L∞ values for the 26 mugilid species, for which data are available from 
Fishbase, which vary from ca. 24 cm for the smallest grey mullet species (Liza abu, Liza 
carinata and Liza klunzingeri) to ca. 70-80 cm for the largest grey mullet species (Chelon 
macrolepis, Mugil liza and Liza haematocheila) with an the average L∞ value is 46.2 ± 16.7 
cm. Figure 5.2 reproduces the boxplots produced by Ibáñez (2016) showing the L∞ 
distribution by species for 24 mugilid species.  
 
 
Figure 5.2. Box plots showing the distribution of L∞ by species for grey mullets from the 
Mugilidae family. Figure is reproduced from Ibáñez (2016). Note: according to the current 
taxonomic classification reported in Fishbase (Froese and Pauly, 2017), Liza macrolepis, L. 
parsia and L. subviridis are classified as Chelon spp., Liza tade is classified as Chelon planiceps 
and Moolgarda buchanani is classified as Valamugil buchanani. 
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Taken together, Table 5.1 and Figure 5.2 indicate patterns of growth have only been studied 
in 33% of grey mullet species (26/78 species), and for many species this is based on 1-3 
studies. However, the available data indicate that the Mugilidae can be subdivided into some 
species that are small (ca. 25-35 cm) and short-lived (ca. 4-6 average age of years) whilst other 
species have moderate to long life spans (in excess of 10 years) and attain larger maximum 
sizes (ca. 50-80 cm). The current study species, Liza abu (25 cm, 6 years) and Chelon labrosus 
(84 cm, 14 years), represent small and medium-sized grey mullet with short-lived and longer 
life spans respectively. It is known that mullet length varies between males and females and 
the available data indicate that in general females are longer lived and attain larger body sizes 
than males (Ibáñez, 2016) and this would appear to be a generally true across teleost fish 
species. Ibáñez (2016) presents an interesting analysis in her review on changes in L∞ values 
over time for the 5 most frequently studied species (Liza ramada, Liza aurata, Liza saliens, 
Mugil cephalus and Chelon labrosus). An analysis of changes in average L∞ values by decade 
since the 1950s indicates that a reduction in L∞ seems to be common across all 5 species but 
was particularly apparent for Chelon labrosus (Ibáñez, 2016). According to Sparre and Venema 
(1998), L∞ can be used as an indication of the average size of a very old fish and so it can be 
used to assess changes in the size in a species over time. Thus, Ibáñez (2016) concludes that 
the changes in L∞ observed over the last 50 year are ‘a warning call that may indicate the 
presence of overfishing’.  However, this analysis appears to be based predominately on 
Mediterranean stocks of Chelon labrosus that in general are smaller (Table 3.35) and more 
heavily fished (Ibáñez, 2016), whilst thick-lip mullet in northwest Wales are less heavily 
exploited and the L∞ value is 84 cm. 
     The growth performance of abu mullet and thick-lip mullet were compared to other grey 
mullet species (Table 5.1) and to a range of teleost fish with fusiform body shapes and 
covering a range of body sizes and trophic levels (Table 5.2) using the phi prime (Φ’) growth 
performance index of Pauly and Munro (1984). According to Munro and Pauly (1984), this 
index “represents and quantifies the energetics of a given habitat or niche as it is directly 
relates to growth performance, and hence to metabolism and food consumption”. Since its 
introduction, Φ’ has been used to provide a numerical measure of the growth performance 
in a range of marine animals including bivalves (e.g. Flores, 2011; Ridgway et al., 2011; Jurić 
et al., 2010), crustaceans (e.g. Nural Amin et al., 2009; Castillo et al., 2011; Saini et al., 2011)  
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Figure 5.3. Phi prime (Φ’) frequency distributions for (A) the Mugilidae family and (B) for 
selected mullet species. Figure is reproduced from Ibáñez (2016) with additional data for 
abu mullet, Liza abu (Table 2.33). 
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and teleost fishes (e.g. Isajlović et al., 2009; Pedicillo et al., 2010; Al-Marzouqi, 2013). As 
Pedicillo (2010) highlights, this index facilitates intra- and inter-species comparison of growth 
performance and has been used to compare the growth performance of different populations 
for the same species (e.g. Zhu et al., 2011; Ragonese et al., 2012; Al Marzouqi, 2013) and 
between species (e.g. Mathews and Samuel, 1990). The advantage of the phi prime (Φ’) 
growth performance index is that it has dimensions of length and time and reflects the growth 
rate of a fish of unit length and whereas fish may lose weight during their lifetime (e.g. 
seasonal changes in condition or post-spawning in mature adults), they rarely lose length and 
so it is less liable to biases compared to other growth indices that are based on weight 
(Mathews and Samuel, 1990).  
     The Phi prime (Φ’) growth performance indices for abu mullet in central Iraq and for thick-
lip grey mullet in northwest Wales were calculated as 2.19 and 2.76 respectively which 
compare with average literature values of 2.27 for Liza abu and 2.80 for Chelon labrosus 
(Table 5.1). Phi prime (Φ’) growth performance indices, calculated for those grey mullet 
species for which von Bertalanffy growth constants (k, L∞) are available, are also presented 
in Table 5.1 and range from 1.82 for Liza carinata to 3.09 for Liza haematocheila (Table 5.1) 
with an average Φ’ index of 2.61 ± 0.32 for all mugilid species for which data are available (n 
= 26; Table 5.1). Figure 5.3 reproduces the phi prime index frequency distribution plots 
produced by Ibáñez (2016) which are based on population-level results, i.e. showing data for 
each published study, rather than species averages (as presented in Table 5.1). The phi prime 
index frequency distribution is presented for all studies on mugilid species combined (n = 343; 
Figure 5.3A) and for the most frequently studied species (Figure 5.3B). In addition, data for 
Liza abu has been added to the figure produced by Ibáñez (2016) based on the data presented 
in Table 2.33. Figure 5.3A indicates that the phi prime index data are normally distributed 
with an average of 2.78 ± 0.27. For the six species presented in Figure 5.1B, phi prime average 
values range from 2.26 for Liza abu to 3.00 for Mugil cephalus (Figure 5.3B) with an overall 
average for the six species of 2.67.  
     These results indicate that the growth performance of the central Iraq populations of Liza 
abu studied in this thesis is lower compared to other populations of the species and compared 
to other grey mullet species in general. In contrast, thick-lip mullet from northwest Wales 
exhibited average growth performance (in terms of Φ’), both for the species and compared 
to other grey mullet species in general. Figure 5.3 indicates considerable variation in growth 
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performance index, both between species and between populations of the same species 
which, as discussed earlier in relation to the condition index, has been attributed to the 
selective effects of differences in environmental conditions and state of nutrition that may 
vary between locations on local populations (Patimar, 2008) as well as the effects of species, 
sex, sample size and size range of animals sampled (Ibáñez, 2016). It is interesting to note that 
the wide range of Φ’ values observed for Mugil cephalus may be due to its widespread 
distribution or due to the presence of several cryptic species within its geographic distribution 
(see section 1.2). Table 5.2 summarises growth performance data for a range of commercially 
important teleost species. These fish were selected to cover a range of trophic levels and body 
sizes and include the milkfish, Chanos chanos, plus engraulid, clupeid, gadid and scombrid 
species. These fish range in size from L∞ values of ca. 18-20 cm for the two anchovy species 
to 348 cm for the Bluefin tuna, although most of the comparative species are between 30 and 
90cm (Table 5.2). Since the magnitude of the phi prime growth performance index is very 
strongly influenced by body size, Φ’ values increase with increasing L∞ from 2.5 - 2.6 for the 
small engraulid species to 4.0 - 4.1 for the larger tuna fish and an average phi prime value of 
3.57  ± 0.70 (Table 5.2). As expected there is an increase in size and phi prime with increasing 
trophic level (Table 5.2).   
     The diet of grey mullet is recognised as unusual among marine fishes as most mullet 
species feed predominantly on “low-quality” (Lobato et al., 2014) food items such as organic 
matter present in the sediment, detritus and filamentous algae which all have low digestibility 
although they can also feed on benthic invertebrates, green filamentous algae and plankton 
(Cardona, 2016). As a result, the calculated trophic levels for mugilids are low, ranging from 
2.0 to 2.9 for the 26 species presented in Table 5.1 with values of 2.6 for Chelon labrosus and 
2.7 for Liza abu and an overall average for all 26 mugilid species of 2.4 ± 0.3. Cardona (2016) 
reviewed food and feeding in grey mullet and concluded that the adult diet is differs between 
grey mullet genera with Mugil spp. feeding mainly on organic material extracted from surface 
sediments whilst Liza and Chelon species have a more diverse diet (Cardona, 2016). This 
translates into different average trophic levels for the three main mugilid genera of 2.1 ± 0.2 
for Mugil, 2.4 ± 0.4 for Chelon and 2.6 ± 0.3 for Liza respectively reflecting the increased 
contribution of invertebrate prey in Chelon and Liza (Cardona, 2016). All Mugil species are 
primarily estuarine and feed on fine particulate organic matter filtered from the sediment 
(trophic level = 2; Table 5.1) although Mugil cephalus (trophic level = 2.5; Table 5.1) is a bulk 
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sedimentivore feeding mainly on a mix of organic matter and microphytobenthos but also 
swallowing small infaunal meiofauna and grazing on filamentous algae (Cardona, 2016). Grey 
mullet in the genus Liza and Chelon are also bulk sedimentivores having a diverse diet 
consuming a mix of organic matter, microphytobenthos, infaunal meiofauna and plant 
material (filamentous algae, macrophytes depending on specie, supplemented in some 
species by larger epibenthic invertebrates (Cardona, 2016; sections 2.3.10 and 3.3.11). A 
range of trophic levels (2.0 - 2.9) and sizes (L∞ = 23 - 83 cm) are presented in Table 5.1, 
however, there is no positive correlation between trophic level and size (r = 0.164, n = 26, p = 
0.42) or phi prime (r = 0.118, n = 26, p = 0.57) observed in the Mugilidae (see Figure 5.4). The 
only other marine fish that relies as much on microphytobenthos in their diet as the grey 
mullet is the milkfish Chanos chanos (Cardona, 2016) and the reported trophic level for the 
species on Fishbase (Froese and Pauly, 2016) is 2.4 which is similar to the average trophic 
level for 26 mullet species presented in Table 5.1. Overall, combining the data for abu mullet 
and thick-lip grey mullet from this thesis with the eleven teleost species, which cover a range 
of trophic levels from 2.4 to 4.5, the expected significant positive correlations between 
trophic level and size and trophic level and phi prime are observed (Figure 5.4). This is 
expected as fish species switch diet from being detritivorous or planktivorous to carnivores 
and finally piscivorous with increasing trophic level. However, it is interesting to note that the 
three detritivorous species (Liza abu, Chelon labrosus and Chanos chanos) all exhibit higher 
Φ’ and L∞ values than expected for fish with trophic level values of < 2.9 (Figure 5.4) which 
may be attributable to the lack of competing fish species for an abundant food resource in 
the marine environment (i.e. organic matter and microphytobenthos).  
 
5.3    Final comments and recommendations  
In many parts of the world, mugilid species are a high quality protein source for human 
populations (Whitfield et al., 2012; Crosetti, 2016) and are an important economic resources 
that support many small communities through artisanal fisheries for food or bait (Marin et 
al., 2003; Gallardo Cabello et al., 2005).  This is true for the abu mullet Liza abu in Iraq where 
it is the preferred target freshwater fish for consumption in Iraq. In contrast, the thick-lip grey 
mullet, Chelon labrosus in northwest Wales is not a target species but is usually caught as 
bycatch in beach-set gill net fisheries for sea bass and is then sold for human consumption. 
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For both species, there are no quotas set and there are no management plans currently in 
force to regulate either fishery. Clearly future research work should focus on providing the 
biological data required for the development of sustainable exploitation plans for both 
species.  
 
 
 
Figure 5.4. The relationships between trophic level and (a) Φ’ growth performance index and 
(b) size [Ln(L∞)] in a range of teleost fish species including Liza abu (solid square; this study), 
Chelon labrosus (open square; this study) and 11 other fish species including milkfish Chanos 
chanos, 2 engraulid, 2 clupeid, 2 gadid and 4 scombrid species (for details see Table 5.2). 
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    Stock assessment has been conducted for Liza abu in the southern marshlands of Iraq by 
Mohamed and co-workers (Mohamed et al., 2014; Mohamed et al., 2016). These studies 
indicated that all four species studied – abu mullet, common carp Cyprinus carpio, Hilsa shad 
Tenualosa ilisha and Mesopotamian himri Carasobarbus luteus – were all overexploited as a 
result of no management plan, a lack of fisheries regulation and enforcement and use of illegal 
fishing gears (explosives, poisons and nets with small mesh sizes) (Jawad, 2006). A similar 
conclusion can be drawn about the current state of fishing for abu mullet in central Iraq: there 
is no current management plan, no quotas or minimum landing size, no data collection on 
landings or fishing effort and no enforcement/regulation of the fishery to allow for 
sustainable exploitation. In fact, this PhD conducts the first detailed study of abu mullet in 
Central Iraq in 20 years. Clearly future research on Liza abu in Central Iraq should focus on 
determining the level of exploitation in terms of catches and fishing effort (number of 
fishermen and level of fishing effort) and to maintain studies on the population biology of the 
species, in particular to monitor changes in patterns of growth and reproduction in response 
to fishing pressure. As Mohamed et al. (2016) conclude, it is urgent to enforce immediate 
fisheries regulations which can be achieved by activating the national law on fishing, 
exploiting and protecting aquatic resources, in particular preventing illegal fishing methods, 
restricting fishing to certain seasons, including declaring of fish sanctuaries in certain areas, 
especially in spawning sites.   
     The thick-lip mullet in northwest Wales is also currently exploited in a similarly unregulated 
way. There is no quota set for ‘grey mullet’ in the UK, all 3 species – Chelon labrosus, Liza 
aurata and Liza ramada - are all lumped together as ‘grey mullet’, as it is a non-quota species 
(SEAFISH, 2016). Fish are usually caught as bycatch in the beach-set gill net fishery for sea 
bass with a minimum landing size of 35 cm but there are no detailed statistics on its landings 
(the FAO FIGIS database does not list any UK landings for any of the three UK grey mullet 
species). However, the slow growth and large size attained by the species, should give concern 
over any overfishing of thick-lip grey mullet as the stock could quickly collapse. All three grey 
mullet species have been little studied in the UK and this study is the first detailed study of 
the population biology of thick-lip grey mullet Chelon labrosus since Hickling (1970). In 
addition, the samples of thin-lip grey mullet, Liza ramada, and golden grey mullet, Liza aurata 
acquired during this PhD are also the first data for these species since Hickling (1970). It seems 
incredible that such a large keystone coastal water fish species in the UK have been so little 
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studied. Clearly future research on the thick-lip mullet and other grey mullet species in 
northwest Wales should focus on determining the level of exploitation in terms of catches 
and fishing effort (number of fishermen and level of fishing effort) and to establish studies to 
monitor the population biology of the species. This will be important to determine whether 
any changes in average/maximum size occur which would be indicative of overfishing.  The 
catches of Liza ramada and Liza aurata appeared to be seasonal as these fish were only caught 
tended to be caught the autumn whilst catches of Chelon labrosus were low in the winter, 
which may be due to fish moving offshore to spawn or may be an artefact of bad weather or 
the seasonal closure of the sea bass fishery restricting fishing activity. In general, the seasonal 
movement patterns of all three UK grey mullet species are little known and we do not know 
the degree of geographical separation and/or mixing and whether different populations of 
the same species should be managed as separate stocks. This could be another area of 
research for Chelon labrosus in northwest Wales to determine the movement patterns of sub-
adult and adult fishes to determine whether thick-lip mullet in northwest Wales are a 
geographically distinct unit for the species in Wales, as has recently been shown for sea bass 
Dicentrarchus labrax (Cambiè et al., 2016) 
     In summary, this thesis has provided fundamental data on the population biology of abu 
mullet, Liza abu in central Iraq and thick-lip mullet, Chelon labrosus in northwest Wales: areas 
within the geographical range of each species where they have not been studied in decades 
(20 years for L. abu and 45 years for C. labrosus). Chapters 2 and 3 provide current data on 
the population biology of the two species which can be used as baselines for future research 
into their biology, ecology and exploitation.
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